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I.  GENERAL  INTRODUCTION 


Few  manufacturing  processes  are  perfect  and  errors,  minor  changes  in  a processing  cycle,  etc., 
can  lead  to  defective  regions  in  a product  which  may  influence  service  performance.  Such 
defects  can  take  many  forms,  for  example;  voids,  chemical  segregation,  inclusions,  etc.,  and 
can  influence  both  mechanical  and  physical  properties.  However,  it  is  clear  that  one  of  the 
main  problems  encountered  in  service  have  been  in  the  degradation  of  fatigue  properties. 

Over  the  past  decades  the  demands  of  high  technology  areas  such  as  the  aerospace  industry 
have  required  that  such  defects  be  eliminated  from  components  and  the  advances  in  process 
and  quality  control,  NDI,  etc.,  have  proved  in  general  very  successful  in  improving  product 
integrity.  Titanium  alloys  have  formed  part  of  such  programs  and  the  service  record  of  these 
materials  has  been  excellent  indicating  that  the  techniques  for  excluding  defects  has  been,  on 
the  whole,  very  successful.  However,  occasional  problems  have  been  encountered  especially 
when  the  defects  occur  on  a small  scale  and  are  difficult  to  detect  by  NDI  techniques.  It 
would  be  fair  to  state  that  solutions  to  such  problems  have  been  found  relatively  soon  after 
identification  but  the  reasons  behind  the  modification  of  properties  produced  by  such  defects 
are  less  well  understood.  Description  of  the  types  of  defects  that  have  been  encountered  is 
given  below.  This  has  been  used  to  establish  an  experimental  and  analytical  program  designed 
to  gain  insight  into  the  nature  and  effect  of  two  specific  defects  on  subsequent  mechanical 
properties. 

The  type  of  defects  encountered  in  titanium  alloys  depends  on  several  factors  including: 

1)  Alloy  Type 

2)  Melting/Casting  Process 

3)  Fabrication  Techniques 

4)  Joining  Techniques 

If  discussion  is  restricted  to  wrought,  alpha  :beta  type  alloys,  the  types  of  defects  (other  than 
obvious  cracks,  forging  laps,  etc.)  that  have  been  found  in  such  products  can  be  listed  as 
follows; 

1 ) Qean  porosity  or  voids  not  associated  with  alloy  segregation  but  resulting  from  solidifi- 
cation defects  and  incomplete  healing  during  ingot  conversion. 

2)  Chemical  segregation  of  alpha  stabilizing  elements  (Al,  O)  or  beta  stabilizing  elements 
Fe,  Mo,  V).  These  segregates  may  contain  a void  and,  due  to  the  reactivity  of  titanium, 
almost  always  have  a reacted  layer  surrounding  the  segregate.  Other  less  common  types 
of  alloy  segregation  are:  (a)  contaminated  sponge  inclusions  carried  over  from  the  initial 
ingot  stage  and  (b)  other  metallic  inclusions  of  tramp  elements. 

3)  A third  type  of  “defect”  has  also  been  detected  in  recent  years  which  also  has  a pro- 
nounced effect  on  fatigue  properties.  This  microstructural  anomaly  consists  of  elong- 
ated “spaghetti”  alpha,  which  is  not  associated  with  segregation  but  is  attributed  to 
poor  control  of  ingot  conversion  practice. 
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The  detection  of  these  defects  is  strongly  dependent  upon  size  and  distribution  position 
in  the  product.  Ultrasonic  inspection,  blue  etch  anodize,  eddy  current  and  macroetching 
are  capable  of  detecting  defects  if  they  are  sufficiently  large  and,  for  some  techniques, 
occur  on  the  surface  (which  is  usually  the  location  of  fatigue  crack  nucleation).  Obviously, 
the  most  dangerous  forms  of  defects  are  small  subsurface  defects,  a type  dramatically  high- 
lighted by  recent  experience  in  beta  processed  IMI 685  fan  disks.  A second  type  of  defect 
that  has  caused  concern  is  the  local  chemical  and  microstructural  defect  known  as  beta- 
fleck.  The  present  investigation  was  undertaken  to  obtain  insight  into  the  nature  and  ef- 
fects of  these  two  types  of  defects.  The  report  of  the  findings  of  these  studies  will  be  div- 
ided into  separate  sections. 


II.  THE  SUBSURFACE  DEFECT  PROBLEM  - CLEAVAGE  ROSETTES 


I . Introduction 

Several  examples  of  premature  fatigue  failures  in  wrought  titanium  alloys  have  been  traced 
t o small  subsurface  initiation  sites.  The  details  of  these  initiation  regions  seem  to  depend  up- 
on the  alloy  and  also  the  processing  cycle.  However,  in  all  cases  the  growth  of  cracks  into  the 
surrounding  material  has  led  to  a reduction  in  fatigue  life.  The  best  documented  example  of 
this  type  of  behavior  is  in  the  alloy  IMI  685  (Ti-6Al-5Zr-0.5Mo-0.25Si)  worked  and  heat 
treated  to  a coarse  acicular  structure.  Subsequent  fatigue  cycling  of  this  material  under 
a square  wave  cycle  with  hold  times  under  load  of  several  minutes  duration  led  to  very  rapid 
initiation  and  growth  of  cracks.  The  fracture  surfaces  of  the  fatigue  failures  were  complex 
but  usually  contained  a very  small  pore  at  the  origin  and  a large  area  of  cleavage-like  failure 
around  this  origin.  It  was  this  cleavage  area  that  gave  rise  to  the  term  “cleavage  rosette”.  A 
relatively  well  defined  ring  often  surrounds  the  pore  and  the  term  “fish-eye”  is  often  used  to 
describe  this  feature.  It  is  obvious  that  if  such  rapid  crack  extension  from  a very  small  pore 
occurs  to  a crack  size  measured  in  tenths  of  an  inch,  it  can  lead  to  a very  dangerous  service 
situation. 

An  apparently  similar  type  of  failure  has  been  observed  in  a part  manufactured  from  Ti-6A1- 
2Sn-4Zr-2Mo.  In  this  case,  the  material  was  processed  in  the  alpha-beta  phase  field  which 
resulted  in  an  equiaxed  microstructure.  The  central  defect  was  found  to  be  a pore,  in  this 
case  considerably  larger  than  those  typically  observed  in  the  IMI  685  example  cited  above, 
again  the  central  flaw  was  surrounded  by  a well  marked  but  smaller  cleavage  area.  This  in 
turn  is  bounded  by  an  area  of  normal  fatigue  with  the  characteristic  striated  structure.  Again 
by  counting  these  striations  and  comparing  with  the  total  cycles,  the  conclusion  is  reached 
that  the  cleavage  rosette  forms  rapidly  in  relatively  few  cycles.  Although  a fatigue  debit  was 
associated  with  the  defect  it  was  of  a much  smaller  magnitude  than  the  IMI  685  case.  Several 
other  examples  of  morphologically  similar  failures  relating  to  embedded  flaws  have  occurred, 
in  many  cases  from  contaminated  regions  within  the  material. 

These  and  other  observations  were  used  to  formulate  an  experimental  program  to  evaluate 
in  detail  the  effect  of  various  parameters  on  fatigue  life  and  resultant  fatigue  fracture  fea- 
tures. Three  basic  premises  behind  the  program  were: 

1)  Subsurface  “cleavage  rosette”  type  failures  could  occur  in  all  alphaibeta  alloys,  indepen- 
dent of  structure.  A fatigue  debit  was  always  associated  with  a subsurface  origin. 

2)  In  most  (or  all)  cases  contamination  of  the  crack  origin  site  was  responsible  for  the  ease 
of  crack  nucleation.  As  in  several  cases  little  or  no  evidence  of  such  damaging  contami- 
nants had  been  found,  these  effects  were  considered  subtle. 

3)  Although  rapid  nucleation  could  occur  a second  major  anomaly  was  considered  to  be  the 
rate  of  crack  progression.  This  also  appeared  to  be  more  rapid  than  could  be  predicted 
from  known  rates. 
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It  now  seems  clear  that  the  first  two  hypotheses  are  not  correct.  Recently  it  has  been  establi- 
shed that  subsurface  initiation  can  occur  in  alpha:  beta  titanium  alloys  with  no  apparent  struc- 
tural anomalies.  Such  failures  also  exhibit  a cleavage-like  facet  at  the  origin  with  much. 
of  the  failure  surface  taken  up  in  “normal”  fatigure  before  overload  fracture  occurs.  This 
type  of  failure  has  been  observed  predominantly  in  high  life  (Nj-  ~ 10^  cycles)  specimens, 
and  does  not  seem  to  be  associated  with  any  fatigue  debit.  In  other  words,  the  lives  of  speci- 
mens showing  subsurface  nucleation  are  equal  to  those  in  which  initiation  occurs  on  the  sur- 
face. There  is  a strong  indication  that  the  care  exercised  in  the  test  set-up  strongly  influences 
the  location  of  the  fatigue  origin,  very  carefully  aligned  specimens  tend  to  show  subsurface 
nucleation.  The  second  point  has  been  disproved  as  a result  of  investigations  on  IMl  685  by 
Eylon  and  Hall  who  identified  a reduction  of  fatigue  life  under  square  wave  or  dwell  test 
conditions.  This  dwell  debit  is  clearly  not  associated  with  material  defects  such  as  flaws  or 
holes  although  and  it  seems  most  unlikely  that  any  compositional  abnormalities  can  contri- 
bute to  it  as  it  appears  to  be  a general  effect.  (Thus  if  compositional  effects  were  responsible 
they  should  be  deta.  ;able  in  bulk  analyses). 


We  shall  examine  the  validity  of  the  third  hypothesis  in  subsequent  sections  of  this  report. 

It  will  suffice  to  note  at  this  stage  that  cleavage  appearing  failures  are  often  observed  in  tit- 
anium alloys  and  it  is  also  assumed  that  such  fracture  occurs  rapidly.  A cleavage  appearance 
may  or  may  not  be  associated  with  an  abnormal  failure  nor  indicate  very  rapid  crack  progres- 
sion. For  example,  Yuen  et.al  have  carefully  documented  failure  surfaces  observed  on 
crack  growth  specimens  of  Ti-6A1-4V.  It  was  shown  that  cleavage  failures  occurred  at  AK 
levels  <12  ksiy^  in  independent  of  R level.  Blackburn  et.al  ^”^^^ows  that  cleavage  failures 
can  occur  under  stress  corrosion  conditions  at  rates  between  10"'  and  10*  in/sec.  The  basic 
points  are  that  cleavage  failures  need  not  indicate  any  distress  nor  that  rapid  separation  has 
occurred.  This  is  not  the  case  for  IMI  685  as  we  shall  see. 

This  program  was  undertaken  to  study  the  effect  of  contaminated  subsurface  flaws  on  LCF 
behavior  of  alpha:beta  and  wear-alpha  titanium  alloys.  Concurrently  the  LCF  behavior  and 
fractographic  features  of  specimens  machined  from  a defective  IMl  685  forging  were  ex- 
amined in  some  detail.  Hopefully,  the  results  of  these  two  studies  would  converge  and  pro- 
vide insight  into  the  basic  mechanism  of  cleavage  rosette  type  of  fracture. 

2.  Experimental  Methods  and  Results 

Tlie  basic  plan  at  the  inception  of  this  program  was  to  conduct  a three-part  experiment  and 
analytical  program.  These  three  program  segments  can  be  summarized  as  follows: 

1 ) Construct  defects  in  selected  alpha: beta  titanium  alloys  seeded  with  various  contaminants 
and  conduct  a fatigue  screening  program  to  determine  effects  on  cyclic  life  capability. 

2)  Expand  on  the  then  available  data  base  of  the  alloy  IMI  685  with  reference  to  fatigue 
properties  and  fracture  characteristics.  One  critical  experiment  was  to  isolate  and  chem- 
ically analyze  a fatigue  origin  in  a rosette  fracture. 


3) 


By  analyzing  and  comparing  the  results  obtained,  in  tlie  first  two  parts  of  the  study,  de- 
finitive experiments  would  be  designed  to  provide  insight  into  the  kinetics  and  mechanisms 
of  the  fatigue  processes.  Emphasis  was  to  be  placed  on  IMI  685  but  the  behavior  pattern 
was  to  be  related  to  the  more  general  framework  of  alpha:beta  alloys. 


4 


The  arrangement  of  subsequent  sections  conforms  to  this  general  outline  although  the  pro- 
posed sequence  was  not  followed  exactly. 

A.  Initial  Studies  of  Seeded  Defects 

In  an  attempt  to  synthesize  conditions  which  could  produce  subsurface  rosette-type  failures 
various  seeded  defects  were  introduced  into  selected  titanium  alloys.  A diffusion  bonding 
technique  was  used  to  introduce  defects  at  predetermined  locations.  The  diffusion  bonding 
procedure  was  as  follows.  Rectangular  blocks  (1.5”  x 2.3”  x 3”)  were  machined  to  a surface 
finish  of  better  than  8 microinches  and  the  surfaces  etched  with  a solution  of  50  ml  of  lactic 
acid,  30  ml  of  nitric  acid  and  2 ml  of  hydrofluoric  acid.  Following  etching  the  blocks  were  cleaned 
ultrasonically  in  trichlorethylene,  then  rinsed  in  acetone  and  in  absolute  methanol  and  dried 
with  a spray  of  freon.  Pyramid-shaped  hardness  identations  of  various  sizes  (simulated  pores) 
were  introduced  into  one  of  the  cleaned  surfaces  in  a regular  grid  pattern.  To  simulate  con- 
taminated pores,  powder  particles  of  various  chemicals  were  carefully  seeded  into  selected 
hardness  indentations.  The  two  blocks  were  then  diffusion  bonded  together  at  an  elevated 
temperature  under  a vacuum  of  10'^  torr.  After  diffusion  bonding,  specimens  of  the  type 
shown  in  Figure  1 were  machined  from  the  bonded  block  such  that  gage  sections  included 
one  of  the  defects.  (Specimens  fabricated  from  the  same  bonded  block  will  be  referred  to  as 
a set.)  To  reduce  the  probability  of  surface  crack  initiation  during  LCF  testing,  approximately 
0.003”  was  removed  from  the  gage  section  of  specimens  by  electropolishing  and  folHwed  by 
vapor  blasting.  The  latter  process  introduces  a small  compressive  residual  stress  on  the  surface 
by  impingement  of  a jet  of  high  velocity  alumina-water  slurry.  Several  bonding  conditions  were 
used,  depending  on  the  materials  selected  for  study.  The  specimen  preparation  techniques  de- 
scribed above  were  initially  developed  for  Ti-6A1 4V.  The  specific  bonding  conditions  and  the 
LCF  results  are  presented  below.  Subsequently  the  same  method  was  used  to  fabricate  IMI 
685  specimens  the  results  of  these  tests  are  given  in  Section  II.2c(2). 

The  Ti-6A14V  alloy  used  in  this  study  was  obtained  in  the  form  of  an  alpha:beta  processed 
forging.  Two  sets  of  specimens  were  produced.  One  set  with  an  indentation  size  of  0.01” 
diagonal  and  the  second  set  with  a size  of  0.03”  diagonal.  Contaminants  introduced  into  the 
cavities  were  Ti02,  TiN,  Ti3Al , A1 , MgCl2  and  hydrided  Ti-6A14V.  These  additions  were 
selected  as  being  typical  contaminants  that  could  be  introduced  into  titanium  alloys  during 
the  melting  and  processing  cycle.  The  diffusion  bonding  cylce  was  1750°F  at  500  psi  for 
four  hours,  these  conditions  retained  the  equiaxed  alpha:beta  grain  configuration  present  in 
the  forging. 


The  microstructure  of  bonded  material  is  shown  in  Figure  2a.  Specimens  sectioned  from  the 
diffusion  bonded  blocks  were  tested  at  room  temperature  in  air  under  a cyclic  stress  of  0-120 
Ksi  at  a frequency  of  1 cycle/minute  (square  wave).  To  provide  a baseline,  specimens  fabri- 
cated from  the  forging  were  given  an  equivalent  thermal  cycle  and  tested  under  equivalent 
conditions. 
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SECTION 


Dimension  of  LCF  Specimens  Fabricated  from  the  Second  IMI  685  forging 
Section 


Microstructures  of  the  Seeded  Ti-6A1-4V  Specimens 

(a)  in  the  first  and  second  sets 

(b)  in  the  third  set 
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The  fatigue  test  results  for  the  first  two  sets  of  specimens  are  listed  in  Table  1 . It  can  be 
seen  that  for  the  first  set  of  specimens  neither  the  clean  0.010"  indentation  nor  the  con- 
taminated indentations  had  any  influence  on  fatigue  life.  For  the  second  set,  the  size  of 
the  hardness  indentation  was  increased  to  0.03”  diagonal,  the  effects  of  contaminants  are 
much  more  obvious.  Specimens  containing  seeded  contaminants  had  considerably  shorter 
LCF  lives  than  those  without.  The  most  potent  contaminant  used  appears  to  be  the  Ti- 
6A1-4V  hydride,  with  chloride  and  nitride  inclusions  showing  about  a factor  of  ten  reduc- 
tion in  life  compared  with  the  baseline  specimen.  Macroscopically,  the  fracture  surfaces 
of  the  majority  of  the  Ti-6Al-4V  specimens  in  the  first  two  sets  are  highly  irregular,  indi- 
cating that  failure  did  not  occur  across  the  diffusion  bond  interface.  In  most  cases,  a con- 
tinuous shear  lip  could  be  found  around  the  specimen  indicating  subsurface  crack  nucleation. 
Partly  because  of  the  irregularities  of  the  fracture  surface,  the  hardness  indentations  were 
located  in  only  25%  of  the  specimens  tested.  In  cases  where  relatively  large  debits  are  ob- 
served, e.g.,  specimens  # 15  and  16,  the  fracture  appearance  seems  to  indicate  a general  em- 
brittlement which  may  have  contributed  to  the  difficulty  in  locating  the  fracture  origin. 

The  fracture  surface  of  the  hydride<ontaining  specimen  (#16)  is  shown  in  Figure  3 and 
appears  more  typical  of  an  overload  failure  than  fatigue.  A remarkable  fracture  was  ob- 
served in  specimen  #10  which  contained  a clean  pore  and  exhibited  the  longest  fatigue  life. 
Cracks  nucleated  at  subsurface  origins  and  propagated  at  apparently  the  same  average  rate 
which  resulted  in  the  formation  of  five  equi-diameter  facets,  labelled  B to  G in  Figure  4. 

The  seeded  pore  is  located  at  the  center  of  facet  B (Figure  4b).  As  shown  in  Figure  4b  the 
major  portion  of  the  fatigue  surface  had  a cleavage-like  appearance.  Striations,  which  only 
occurred  infrequently,  tended  to  be  very  fine  and  ill-defined  (Figure  4c  to  f).  The  fracture 
surface  appearance  of  this  specimen  was  duplicated  in  all  others  with  the  exception  of  the 
very  low  life  specimens  noted  above. 

The  third  set  of  specimens  were  diffusion-bonded  at  1650°F  under  800  psi  for  4 hours  fol- 
lowed by  a beta  heat  treatment  of  2000“ F for  1 hour  and  furnace  cool.  A slightly  different 
diffusion  bonding  condition  was  used  in  this  set  in  an  attempt  to  reduce  the  amount  of  plastic 
distortion  of  the  blocks  during  bonding.  The  indentation  size  for  this  set  of  specimens  was 
selected  as  0.03"  based  on  the  results  obtained  from  the  first  two  specimen  sets.  The  micro- 
structure of  the  material  after  the  diffusion  bonding  and  heat  treatment  cycle  is  shown  in 
Figure  2b.  As  the  lives  exhibited  by  the  first  two  sets  were  relatively  low  the  fatigue  test 
conditions  were  changed  to  0-1 10  Ksi,  1 cpm  for  the  third  set. 

The  LCF  results  of  the  third  set  of  specimens  are  given  in  Table  2,  from  which  it  can  be  seen 
that  the  hardness  impression  alone  reduces  life  by  a factor  of  five.  Among  the  contaminants 
used  Al,  TiN,  NaCl  and  hydride,  only  TiN  and  NaCl  appear  to  have  an  additional  effect  on 
fatigue  life.  A further  reduction  of  life  by  a factor  of  about  three  is  observed  for  these  com- 
taminants.  However,  the  hydride  used  for  this  group  of  specimens  had  a hydrogen  content 
of  0.35%  while  those  used  previously  have  a hydrogen  content  of  1 .2%  which  may  have  af- 
fected the  results. 
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TABLE  1 


70“  F LCF  LIVES  OF  SEEDED  Ti-6A1-4V  SPECIMENS 
ALPHA-BETA  FORGED  MICROSTRUCTURE 
0-120  KSI,  1 cpm 

Cycles  to  Failure  (Specimen  No.) 

Seeded  Contaminants  First  Set  (0-01  Pore)  Second  Set  (0.03"  Pore) 


None,  Control  Specimen 

... 

2,100  (#17) 
3,250  (#19) 

None,  Diffusion  Bond  Only 

... 

2,350  (#11) 

None,  Pore 

2,910  (#1) 

6,890  (#10) 

Ti02 

3,200  (#3) 
2,240  (#8) 

1,440  (#12) 

A1 

... 

930  (#9) 

TiaAi 

4,040  (#5) 

... 

TiN 

... 

410  (#14) 
280  (#13) 

NaCl 

... 

... 

MgCl2 

... 

210(#15) 

Ti-6A1-4V 

Hydride* 

2,560  (#6) 
2,070  (#7) 

50 (#16) 

* HydrOeien  content  1 .2% 
— No  Test 
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TABLE  2 


70°F  LCF  LIVES  OF  SEEDED  Ti-6A1-4V  SPECIMENS 
BETA-ANNEALED  MICROSTRUCTURE 
0-1 10  KSI,  1 cpm 

Cycles  to 

Seeded  Contaminant  Failure  (Specimen  No.) 


None,  Control  Specimen 

26,230  (J-11) 

None,  Pore  (0.03"  Diagonal) 

5,870  (#26) 

A1 

6,360  (#23) 

TiN 

2,430  (#22) 

NaCl 

2,460  (#24) 
2,690  (#25) 

Ti-6A1-4V  Hydride* 

6,660  (#21) 
6,660  (#27) 
14,260  (#28) 

•Hydrogen  content  0.35% 

The  scanning  electron  fractography  showed  that  the  fatigue  fracture  was  initiated  at  the 
seeded  defects  in  all  specimens  with  possibly  one  exception,  specimen  #24,  NaCl  contamin- 
ant, in  which  the  seeded  defect  could  not  be  located. 

There  was  no  evidence  that  specimens  separated  along  the  diffusion  bond.  The  fractographic 
features  in  all  these  specimens  were  very  similar.  A typical  scanning  electron  fractograph  of 
a subsurface  initiated  and  propagated  fatigue  crack  is  shown  in  Figure  5a,  that  of  a near- 
surface initiated  fracture  is  shown  in  Figure  5b.  Both  of  these  specimens  were  seeded  with 
hydride  and  have  equivalent  fatigue  lives.  In  Figure  5a  the  fatigue  origin  (hardness  indenta- 
tion) which  is  partially  exposed  can  be  observed  at  the  center  of  the  micrograph.  A compari- 
son of  Figures  5a  and  b shows  that  the  topography  of  the  fatigue  propagated  region  appears 
to  be  rougher  than  that  of  the  surface  or  near-surface  initiated  fracture.  Another  common 
difference  in  the  fractographic  features  between  surface  and  subsurface  nucleated  cracks  is  in 
the  appearance  of  the  striations.  The  striations  in  the  latter  case  tend  to  be  wavy  and  ill-de- 
fined. This  difference  has  already  been  illustrated  in  Figure  4 for  the  case  of  an  equiaxed 
alpha; beta  microstructure.  Similar  difference  can  also  be  observed  in  the  present  case  of  an 
acicular  microstructure  as  shown  in  Figures  6a  and  b which  illustrate  the  striations  observed 
on  facet  A of  Figures  5a  and  facet  B of  Figure  5b,  respectively.  Superficially  the  fracture 
appearance  resembled  those  observed  in  IMl  685  which  are  described  in  Section  I1.2.b(3). 

The  surface  roughness  was  smaller  in  the  case  of  Ti-6 A1-4V  but  this  can  be  related  to  the  scale 
of  the  microstructure  in  relation  to  IMI  685,  in  Ti-6A1-4V  the  beta  grain  size  and  colony 
diamensions  were  smaller,  as  can  be  seen  by  comparing  Figures  2b  and  1 1 . 
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Figure  5 


Seunning  Flectroii  Fraetogruphs  of  Hyilrkle-Seeded  Ti-6AI-4V  with  Acicular 
MicTOstructiire  shown  in  Figure  2(b).  (a)  Subsurface  fracture  initiated  at  the 
seeded  pore  (partially  exposed)  indicated  by  an  arrow,  (b)  Fracture  initiated  at 
the  seeded  pore  near  the  surface.  Striations  observed  on  facets  A and  B are  illus- 
trated in  F-igure  (i. 


r 
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Figure  6 (a)  Striations  Observed  on  i'aeet  A of  tlie  Fracture  Surface  Shown  in  Figure 

5(a). 

(b)  Striations  observed  on  f'acet  H of  tlie  i'racture  Surface  Shown  in  Figure 
5(b). 
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In  the  case  of  one  of  the  contaminants  which  produced  the  greatest  reduction  in  fatigue  life, 
NaCl,  evidence  of  a reaction  layer  around  the  hardness  impression  was  detected.  Figure  7 shows 
the  structure  at  the  edge  of  an  indentation  in  this  specimen  in  which  this  reaction  layer  can 
be  seen.  Such  an  interaction  layer  produces  an  increase  in  the  effective  size  of  the  flaw  and 
as  discussed  below  probably  accounts  for  the  lower  life  of  these  two  specimens.  In  the  case 
of  the  TiN-seeded  specimen  which  also  showed  a large  life  reduction,  no  evidence  of  such  a 
reaction  layer  was  found. 


Figure  7 Appearance  of  the  Region  Adjacent  to  the  NaCl-seeded  Pore.  Note  the  reacted 
layer  around  the  tip  of  the  pore  (hardness  indentation). 

Another  possible  contaminant  that  could  be  introduced  into  titanium  alloys  during  processing 
is  the  inert  gas  argon.  The  introduction  of  argon  into  an  artificial  cavity  in  a controlled  manner 
using  diffusion  bonding  methods  is  a difficult  problem.  Unless  extreme  care  is  taken  argon 
can  be  trapped  over  much  of  the  bond  area  which  can  result  in  poor  adhesion  and  consequently 
low  properties.  In  the  series  of  experiments  described  below  the  alloy  Ti-6Al-2Sn-4Zr-2Mo 
(Ti-6-2-4-2)  was  used.  The  scheme  illustrated  in  Figure  8 was  employed  to  fabricate  specimens 
with  cavities  containing  argon.  Sections  of  the  dimension  shown  in  Figure  1 were  machined 
from  bar  stock,  0.5"  in  diameter.  One  of  the  rods  was  machined  to  a hemispherical  shape 
radius  0.41"  at  one  end,  which  was  in  contact  with  a small  cavity  in  the  end  of  the  other  rod. 
The  two  rods  were  assembled  into  an  alumina  die  in  an  argon  atmosphere,  the  load  applied 
and  the  temperature  increased.  The  plastic  deformation  in  the  contact  surfaces  helps  to  seal 
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the  argon  in  the  pore  while  the  curvature  limits  the  argon  trapped  at  the  interface.  Ideally, 
the  argon  should  be  evacuated  as  soon  as  the  pore  has  been  sealed.  Since  the  condition  for  the 
adequate  sealing  could  not  be  readily  determined,  argon  was  evacuated  at  two  arbitrarily 
selected  temperatures,  either  200°F  or  SOO^F.  Two  diffusion  bonding  conditions  were  used, 
nSO^F  under  500  psi  for  4 hours  and  1850°F  under  560  psi  for  4 hours.  To  produce  an 
acicular  microstructure,  the  bonded  rods  were  given  a beta  heat  treatment  of  2000°F  for  1 
hour  in  vacuum  followed  by  furnace  cooling.  Specimens  prepared  from  the  bonded  sections 
were  tested  at  0-1 10  Ksi,  1 cpm. 


Ti-€Al-2Sr»-4  Zi:^2M3 
Rod 


Alumina  Die 


////////////////////  / 

Figure  8 Experimental  Setup  for  Trapping  Argon  in  a Pore  Between  Two  Rods  Which 
Were  Subsequently  Diffusion  Bonded  Together  and  Machined  into  a LCF 
Specimen 


The  LCF  lives  of  Ti-6Al-2Sn-4Zr-2Mo  seeded  with  argon  are  shown  in  Table  3 which  also  lists 
the  diffusion  bonding  conditions  used.  The  fractographic  features  of  the  first  specimen  tested 
(#29)  consist  of  a central  region  where  the  argon  pore  is  located  and  a peripheral  region,  both 
of  which  show  evidence  of  good  bonding.  Between  these  two  regions  is  an  area  on  which  the 
markings  on  the  original  surface  are  clearly  visible.  The  formation  of  this  apparently  unbonded 
region  was  due  to  incomplete  removal  of  argon  during  diffusion  bonding.  An  improved  bond 
was  produced  in  the  third  specimen  (#40)  when  argon  was  evacuated  at  about  200° F.  How- 
ever, unbonded  regions  were  still  evident  on  the  fracture  surfaces  indicating  the  inherent  dif- 
ficulty of  completely  removing  the  argon  once  introduced.  This  specimen  also  exhibited  the 
lowest  life  of  the  three  specimens  tested  which  complicates  the  assessment  of  these  results. 
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TABLE  3 


70®  F LCF  LIVES  OF  Ti-6Al-2Sn-4Zr-2Mo 
SEEDED  WITH  ARGON 
O-IIOKSI,  1 cpm 

Cycles  to 

Diffusion  Bond  Conditions  Failure  (Specimen  No.) 


730  (#29) 


812 (#30) 


57  (#40) 


24,570  (#6)* 


^Tested  at  1 1-1 10  ksi,  12  cpm 
b.  Characterization,  Testing  and  Analysis  of  IMl  685 

The  second  part  of  the  program  was  aimed  at  providing  more  information  on  the  alloy 
IMI  685.  As  noted  in  the  introduction,  it  was  the  behavior  of  the  material  which  stimulated 
renewed  interest  in  subsurface  fatigue  processes  in  titanium  alloys.  Other  investigators  have 
generated  data  on  the  alloy  and  we  have  chosen  to  combine  the  results  of  the  present  study 
with  the  earlier  information  in  parts  of  the  following  section.  As  most  results  are  consistent, 
this  serves  to  provide  a reasonably  complete  description  of  the  behavior  pattern  of  IMl  685 
under  cyclic  stress  conditions. 

( 1 ) Material 

Two  sections  of  a circular  IMl  685  machined  forgin  were  provided  to  Pratt  & Whitney  Aircraft 
by  the  AFML  for  this  study.  The  billet  had  been  beta-blocked  and  alpha ibeta  finished  followed 
by  a beta-anneal  at  1922°F,  oil  quench  and  stress  relief  at  1076°F.  Because  of  the  size  and 
shape  of  the  forged  preform  this  heat  treatment  resulted  in  a considerable  microstructure 
variation  within  the  forging  and  also  tensile  residual  stress  of  15-20  ksi  in  the  rear  surface  of 
the  disk  section  machined  from  it^^\  The  microstructures  and  room  temperature  tensile 
properties  at  various  locations  in  this  material  have  been  reported  by  Eylon  and  Hall^^^.  The 
two  sections  were  cut  from  a machined  forging  which  was  retired  from  service  after  62  stress 
cycles  when  several  cracks  were  observed  at  the  rear  surface.  The  maximum  stress  during 
service  has  been  estimated  to  be  about  90  ksi.  A schematic  representation  of  the  machined 
forging  is  shown  in  Figure  9 which  also  identifies  the  directions  cited  in  the  following  para- 
graph. 


1750®F/500  psi/4  hr. 
Ar  Evacuated  at  800“  F 

1850“F/560  psi/4  hr. 
Ar  Evacuated  at  800“  F 

1850“F/560  psi/4  hr. 
Ar  Evacuated  at  200“F 

Control  bpecimen 
(No  Diffusion  Bond) 
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The  first  section  was  received  at  the  beginning  of  this  program.  At  that  time  it  was  assumed 
that  the  defects  were  spherically  symmetric  and  therefore  independent  of  the  orientation  of 
the  specimen  relative  to  the  forging.  The  main  purpose  of  the  preliminary  experiments  was 
to  define  a simple  specimen  geometry  and  a testing  procedure  such  that  the  defects  could  be 
exposed  for  subsequent  studies.  Specimens  with  different  orientations  and  geometries  were 
prepared  and  tested.  As  will  be  described,  results  from  specimens  machined  from  the  first 
section  indicated  that  the  initial  assumption  on  defect  orientation  was  incorrect.  The  char- 
acteristic features  of  a rosette  failure  were  only  observed  in  specimens  cut  in  the  circumfer- 
ential direction.  Consequently,  all  the  specimens  from  the  second  section,  which  was  pro- 
vided to  P&WA  after  the  first  year  of  the  contract,  were  machined  with  their  longitudinal 
axes  parallel  to  the  circumferential  direction  of  the  disk.  Most  of  the  data  in  this  report  were 
obtained  from  the  second  section. 

(2)  NDI  Characterization  of  Defects 

The  first  section  had  three  defective  areas  marked  on  the  rear  surface  of  the  forging.  Materials 
cut  at  these  locations  were  investigated  by  nondestructive  techniques  using  x-ray  radiography 
and  ultrasonic  C-scan  techniques  prior  to  machining  into  specimens.  Analysis  was  conducted 
parallel  to  the  radial  and  the  circumferential  directions.  The  x-ray  radiographs  gave  no  defini- 
tive indication  of  the  presence  of  cracks  or  other  structural,  heterogeneities.  Sonic  indications 
were  obtained  only  when  the  probe  scanned  on  a surface  normal  to  the  circumferential  direc- 
tion of  the  forging  suggesting  a planar  nature  for  the  defects.  The  sensitivity  of  the  ultrasonic 
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equipment  was  such  that  the  sonic  indications  oone^nds  to  structural  heterogeneities  in  the 
size  range  0.01  to  0. 10  inch.  The  second  forging  section  was  examined  by  ultrasonic  C-scan 
technique  along  the  drcumfeiential  direction  only  and  several  sonic  indications  were  detected. 
The  locations  of  these  indications  and  their  relative  signal  intensities  (in  decibel)  are  illustrated 
in  Figure  10  and  Table  4.  For  reference,  the  specimens  which  include  these  possible  defects 
are  also  given  in  Table  4.  Two  other  sonic  indications  were  located  at  1.13"  and  1.38"  below 
the  second  surface  of  this  forging.  The  ^cimens  which  contain  these  possible  defects,  de- 
signated as  #48  and  #49,  were  used  in  the  400®F  LCF  tests. 


Figure  10  Ultrasonic  C-Scan  Recording  from  an  IMI  685  Forging  Section.  The  probe  was 
oriented  parallel  to  the  circumferential  direction  of  the  forging. 
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TABLE  4 


UL I RASONIC  C-SCAN  RESULTS  ON  SURFACE  A OF  THE 
SECOND  IMI  685  FORGING  SECTION 


Defect  No.* 

Signal  Strength 

Depth 

Specimen  No.  and  Test 

1 

2dB 

0.75" 

20,  Uploading  LCF 

2 

12dB 

1.25" 

22,  70°F  Dwell  Test  30-100  Ksi 

3 

2dB 

0.50" 

No  Specimen  Machined 

4 

1 dB 

0.88" 

23,  400°F  Dwell  Test  30-100  Ksi 

5 

1.5  dB 

0.75" 

21,  400°F  Dwell  Test  30-100  Ksi 

*See  Figure  10 

1 An  important  question  in  the  analysis  of  the  LCF  behavior  of  this  forging  is  the  specific  nature 

j of  these  sonic  indications.  During  specimen  fabrication,  to  locate  one  such  indication  within 

I the  gage  section,  several  cracks  were  exposed. 

I These  cracks  were  oriented  at  small  angles  to  tlie  radial  direction  of  the  forging  and  ranged  in 

size  from  0.02"  to  0.04"  and  are  illustrated  in  Figure  1 1.  Thus  it  is  implied  that  several,  if 
not  all  indications  are  cracks.  As  the  forging  had  received  a total  of  62  LCF  cycles  before  it 
was  received  at  P&WA  we  can  estimate  the  average  cracking  rate  to  form  the  sonic  indications 
(cracks).  These  cracking  rates  range  between  3 x 10"^  to  6 x 10"^  inch/cycle  for  the  crack 
lengths  cited  above.  It  is  also  possible  that  other  indications  could  represent  grains  or  groups 
of  grains  in  a specific  orientation  favorable  for  attenuation  of  the  beam  since  this  material  has 
large  prior  beta  grains  averaging  ~ 0.06"  in  diameter. 

To  determine  whether  any  preferred  orientation  was  present  in  the  material  arising  from  the 
thermo-mechanical  history,  x-ray  pole  figures  were  determined  from  material  taken  at  the 
defect-prone  region  of  the  forging.  The  area  scanned  by  this  x-ray  beam  was  0.5  inch  square. 
The  plane  of  examination  was  normal  to  the  circumferential  direction  of  the  forging.  Pole 
figures  for  the  (0002)  and  (lOTO)  planes  are  given  in  Figures  12(a)  and  (b)  respectively,  show- 
ing that  the  grains  are  oriented  relatively  randomly. 

(3)  Fatigue  Testing  at  70°  F 
(a)  Radial  Direction 

Three  specimens  were  machined  from  the  first  forging  section  to  include  a defect  within  their 
gage  section.  The  three-point  bend  specimen  (#1)  shown  in  Figure  13a  and  the  tension  speci- 
men (#2)  shown  in  Figure  13b  were  machined  with  longitudinal  axes  parallel  to  the  radial 
direction  of  the  forging.  Specimen  #4  shown  in  Figure  13c  was  fabricated  by  a diffusion 
bonding  method  which  is  described  below  and  was  constructed  so  that  the  tension  axis  was 
parallel  to  the  circumferential  direction.  The  specimens  were  electropolished  prior  to  testing. 
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Figure  1 1 
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Radial 

Direction 


Microstructure  and  Cracks  Observed  at  the  Defect-Prone  Area  of  the  IMI  685 
Forging  Which  had  62  Stress  Cycles  Before  Retirement  From  Service 
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Figure  1 3 Dimensions  of  (a)  Three-Point  Bend  Specimen  (b)  Tension  LCF  Specimen  No. 
2 and  (c)  Tension  LCF  Specimen  No.  4 


Optical  examination  of  the  surface  of  the  bend  specimen  prior  to  testing  revealed  no  surface 
cracks.  Testing  was  performed  by  bending  under  a stress  range  of  0-95  ksi  which  was  moni- 
tored by  a strain  gage.  A rectangular  wave  form  was  used  with  a hold  time  of  10  minutes  at 
maximum  stress.  In  order  to  accelerate  failure  the  stress  was  increased  when  a crack  had 
formed  which  intersected  the  specimen  surface.  The  specimen  failed  after  1840  cycles.  Two 
cracks  had  formed  during  the  test  and  their  locations  are  indicated  in  Figure  14a.  The  gen- 
eral appearance  of  the  fracture  surface  of  the  m^or  crack  is  shown  in  Figure  14b  which 
also  indicates  the  general  position  of  the  fracture  origin.  Scanning  electron  fractography 
revealed  that  the  crack  origin  was  slightly  subsurface  as  shown  in  Figure  1 5 which  also 
illustrates  the  cleavage-like  topography  adjacent  to  the  origin.  No  material  discontinuities 
such  as  pores  were  formed  at  the  initiation  site.  The  second  crack  (B)  was  also  exposed  by 
sectioning  and  the  fracture  surface  was  found  to  be  very  similar  to  that  of  the  m^or  crack. 
Again  no  features  typical  of  a rosette  failure  origin  were  found  in  this  crack.  These  bend 
tests  were  an  attempt  to  provide  a rosette  failure  for  analysis  as  quickly  as  possible.  It  is 
obvious  that  such  specimens  are  not  suitable  for  studying  subsurface  failures  so  all  further 
testing  was  performed  on  specimens  loaded  in  tension. 
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(a)  shows  the  cliff-like  topography  and  fatigue  striations  around  the  nucleation  site. 

(b)  shows  the  nucleation  site  in  greater  detail. 


The  I.CF  tension  specimen  (#2)  was  tested  at  a stress  range  of  5-100  ksi  with  a dwell  of  10 
minutes  at  maximum  load,  i.e.,  at  a cyclic  frequency  of  about  6 cycles  per  hour.  Fracture 
occurred  after  292  cycles.  As  will  be  shown  this  is  obviously  well  below  the  fatigue  capability 
of  this  alloy  in  a defect-free  condition.  Several  cracks  were  observed  on  the  surface  of  this 
specim  n after  machining  and  it  was  anticipated  that  these  may  have  intluenced  the  failure 
of  the  specimen.  A careful  comparison  of  the  gage  surface  before  and  after  fracture  indicated 
that  none  of  the  pre-existing  cracks  had  propagated.  The  fracture  surface  is  shown  in 
Figure  16  and  again  the  general  cleavage-like  appearance  is  evident.  The  curvatures  of  “river 
markings”  and  the  fatigue  striations  observed  at  the  edge  of  region  D and  at  regions  F.  and  C 
indicated  that  the  fracture  origin  was  located  at  region  D.  Small  pores  characteristics  of  the 
rosette  origins  were  not  observed  although  brittle-type  striations  were  present  in  region  D. 

As  will  be  described  later,  this  type  of  markings  is  typically  observed  near  the  origin  of  rosette 
failure.  Although  the  major  fraction  of  the  fatigue  surface  was  cleavage-like,  isolated  patches 
of  striations  were  observed. 


Scanning  Electron  Micrographs  Illustrating  the  General  Appearance  of  the  Frac- 
ture Surface  in  the  IMl  685  LCF  Tension  Specimen  No.  2.  Striations  on  regions 
C and  E can  be  traced  to  an  origin  at  region  D.  Arrows  indicate  directions  of 
crack  propagation. 
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An  interesting  observation  of  the  striations  on  facet  E is  shown  in  Figure  17  from  which  it 
can  be  seen  that  the  striation  spacings  decrease  from  left  to  right  indicating  that  the  crack 
slowed  down  during  propagation  across  this  facet.  The  implication  of  this  observation  will 
be  discussed  later. 


Figure  17  Fatigue  Striations  Observed  on  Facet  E of  the  Fracture  Surface  Shown  in 
Figure  16.  Note  the  gradual  decrease  in  striation  spacing  as  the  crack  pro- 
pagated across  this  facet  from  left  to  right. 


(b)  Circumferential  Direction 

Due  to  the  tack  of  sufficient  material  from  the  first  forging  section,  specimen  #4  was  fabricated 
by  diffusion  bonding  Ti-6Al-2Sn-4Zr-2Mo  threaded  pull-bars  to  the  defect-containing  section 
as  shown  in  Figure  13c.  The  bonding  was  carried  out  at  1750°F  under  500  psi  for  4 hours  at 
a vacuum  of  10  torr.  It  was  considered  that  this  treatment  would  also  relieve  any  residual 
stress  present  in  the  material.  Specimens  from  the  second  forging  section  were  fabricated 
with  their  gage  length  containing  sonic-indicated  defects  (See  Table  4).  Other  specimens  were 
prepared  from  areas  without  sonic  indications.  Most  of  the  specimens  were  located  near  the 
rear  surface  of  the  forging.  The  dimensions  of  all  the  specimens  fabricated  from  the  second 
forging  section  are  given  in  Figure  1.  Specimens  were  tested  with  as-machined  surfaces.  The  ' 
specific  test  conditions  used  will  be  given  below. 

Results  of  tests  in  the  present  study  are  combined  with  results  of  other  investigators  in  Tables 
5 and  6 which  also  list  the  location  of  fatigue  origins. 
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TABLES 


70°F  DWELL  LCF  TESTS  OF  IMI  685 

Stress  Range  Initiation  Site 

Specimen  C-Scan  Fracture  Life  Rosette 


No. 

Indication 

Ksi 

MN/m2 

Cycles 

Surface  Subsurface 

Defect 

4(a) 

I 

5-100 

345-689 

1,600 

X 

X 

20(a) 

I 

29-97 

200-668 

600-2600 

X 

X 

22(a) 

1 

30-100 

207-689 

1,736 

X 

X 

47(a) 

NI 

35.6-118.5 

245-816 

552 

X 

15(b) 

* 

30-100 

207-689 

42,892 

X 

16(b) 

33-110 

227-758 

207 

X 

X 

17(b) 

« 

33-110 

227-758 

8,702 

X 

18(b) 

* 

36-120 

248-827 

790 

X 

19(b) 

36-120 

248-827 

217 

X 

(0 

33.6-95.2 

232-656 

752 

X 

(0 

* 

33.6-95.2 

232-656 

878 

X 

(d) 

♦ 

0-116.5 

0-803 

19,000 

* * 

* 

(d) 

♦ 

0-130.6 

0-900 

1,300 

* « 

* 

1 Indication 
NI  No  indication 
• No  data 

(a)  Present  Work,  5-minute  dwell  at  maximum  load 

(b)  Ref.  5,  5-minute  dwell  at  maximum  load 

(c)  Ref.  9,  10-minute  dwell  at  maximum  load 

(d)  Ref.  12,  2^ninute  dwell  at  maximum  load 
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TABLE  6 


Specimen 

No. 

C-Scan 

Indication 

70° F NON-DWELL  LCF  TESTS  OF  IMI  685 

Stress  Range 

Fracture  Life 

Ksi  MN/m^  Cycles  Surface 

Initiation  Site 

Rosette 
Subsurface  Defect 

6(a) 

NI 

0-110 

0-758 

22,556 

X 

7(a) 

NI 

0-110 

0-758 

33,949 

X 

24(a) 

NI 

36-126 

248-868 

10,640 

X 

25(a) 

NI 

36-126 

248-868 

860 

X 

X 

45(a) 

NI 

36-120 

248-827 

25,000 

X 

Kb) 

« 

33-110 

227-758 

24,464 

X 

X 

2(b) 

* 

33-110 

227-758 

102,473 

X 

3(b) 

36-120 

248-827 

37,958 

X 

4(b) 

36-120 

248-827 

29,845 

X 

5(b) 

36-120 

248-827 

34,215 

X 

6(b) 

* 

36-120 

248-827 

39,523 

X 

11(b) 

* 

39-130 

269-896 

6,244 

X 

X 

12(b) 

* 

39-130 

269-896 

10,559 

X 

13(b) 

40..5-135 

279-93 1 

4,705 

X 

14(b) 

40.5-135 

279-931 

3,099 

X 

(d) 

* 

0-102.3 

0-705 

150,000-^ 

♦ 

* 

4c 

(d) 

0-108.9 

0-750 

50,000 

* 

* 

4c 

(d) 

* 

0-112.5 

0-775 

25,000 

* 

4c 

(d) 

* 

0-116.5 

0-803 

52,000 

* 

4c 

(d) 

* 

0-119.7 

0-825 

22,000 

* 

* 

4c 

(d) 

0-123.4 

0-850 

19,000 

♦ 

4> 

4t 

(d) 

« 

0-132.1 

0-910 

5,500 

* 

4c 

(a)  Present  Work,  1 2 cycles  per  minute 

(b)  Ref.  5,  20  cycles  per  minute 
(d)  Ref.  10,  10  cycles  per  minute 
+ Test  Discontinued 

N1  No  Indication 
* No  Data 
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These  results  can  be  used  to  establish  the  S-N  curves  as  shown  in  Figure  18.  Although  some 
data  scatter  IS  apparent  the  data,  with  only  one  exception,  falls  into  four  groups,  which  are 
as  follows.  Group  A includes  all  results  of  specimens  which  were  tested  under  a dwell  cycle 
and  m which  post-test  analysis  revealed  a cleavage  rosette  including  a “fish-eye”.  Group  B 
and  C are  two  sets  of  results  wliich  combine  specimens  tested  under  dwell  cycles  of  5 minutes 
and  2 minutes  respectively,  but  which  did  not  contain  any  known  pre-existing  defect  Sub- 
indicated  that  subsurface  origins  occurred  in  all  specimens  of  Group 
B and  the  failure  mode  was  cleavage-like  but  no  “fish  eye”  was  present  at  the  origin  TTie 
fourth  group  of  specimens  labeled  D includes  the  results  for  specimens  cycled  at  a fast  rate 
and  thus  could  be  taken  to  represent  the  “normal”  fatigue  capability.  Note  that  this  popula- 
tion mcludes  three  data  points  generated  by  Eylon  and  Hall^^)  in  which  “fish-eyes”  were 
detected.  The  one  exception  to  the  above  general  behavior  pattern  is  a test  performed  in 
the  present  study  on  a predetermined  defect-containing  specimen  tested  at  a frequency  of 
12  cpm.  In  this  test,  failure  occurred  at  a low  life  from  a subsurface  (rosette-type)  origin 
as  described  in  more  detail  below.  ’ 


Several  trends  can  be  discerned  in  Figure  18.  Curve  A and  Curve  B tend  to  converge  at  high 
stresses  and  at  lower  stresses  Curves  B,  C and  D tend  to  merge.  Thus  the  relative  fatigue  debits 
of  the  Curves  A,  B and  C with  respect  to  D are  stress  sensitive.  At  a stress  of  about  1 1 5 ksi, 
the  rosette  debit  is  over  two  orders  of  magnitude  with  reference  to  the  normal  fatigue  capa- 
bility while  the  5 minute-dwell  debit  is  about  one  order  of  magnitude. 


The  fractographic  features  of  specimens  tested  either  with  or  without  a dwell  will  now  be 
described.  Their  results  will  be  used  later  in  an  attempt  to  account  for  the  observed  behavior 
pattern  in  IMI  685. 

1)  Rosette  Failures  (Defective  Material) 

The  general  appearance  of  a dwell-tested  fracture,  as  exemplified  by  Specimen  #4,  is  shown 
in  Figure  19.  The  fracture  origin  is  located  near  the  center  of  this  Figure  and  is  shown  in 
greater  detail  in  Figure  20.  The  fatigue  crack  initiated  at  a macroscopically  flat  facet  about 
0.033"  diameter  which  is  inclined  at  a small  angle  to  the  stress  axis.  Near  the  center  of  this 
facet  is  a pore  about  0.0002  long.  A “river”  pattern  is  observed  to  originate  from  this  pore, 
and  markings,  termed  brittle-type  striations  in  earlier  reports,  were  observed  on  this  facet. 
Figure  21  shows  the  microstructure  at  the  fracture  origin  before  (a)  and  after  (b)  chemical 
etching.  As  illustrated  in  these  scanning  electron  micrographs  the  “brittle-type”  striations 
mark  the  positions  of  interfaces  between  the  alpha  platelets  which  contain  a thin  lamellar  of 
the  beta  phase.  The  microstructure  of  a longitudinal  section  through  the  fracture  origin  is 
shown  in  figure  22.  The  location  of  the  pore  is  indicated  by  an  arrow.  No  microstructural 
anomaly  at  the  fatigue  origin  is  apparent. 

The  topography  surrounding  the  “fish  eye”  is  highly  irregular  and  consists  of  cleavage-like 
facets.  Fatigue  striations  were  observed  on  a small  number  of  facets  labelled  A,  B,  and  C in 
Figure  19.  Those  observed  on  facet  A are  shown  in  Figure  23.  The  measured  striation  spacings 
on  these  facets  will  be  presented  later  with  reference  to  other  crack  growth  data  (Section 
II.2.c(l).  The  dimensions  of  all  the  facets  are  about  the  same  as  those  of  the  acicular  alpha 
colonies  in  this  material.  The  crack  grew  to  a diameter  of  approximately  0.3  inch  before  over- 
load failure  occurred.  It  is  clear  that  the  crack  front  at  the  onset  of  unstable  fracture  was 
rntuer  irregular  as  areas  of  overload  failure  were  intermixed  with  cleavage  and  striated  facets 
at  the  periphery  of  the  crack. 
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Sources  of  Data  Are  Indicated  in  Tables  5 and  6. 


Figure  19  Scanning  Electron  Fractograpli  of  the  Rosette-Fracture  Observed  on  IMI  685  Specimen  No.  4.  Details  of  the 
‘fish  eye’  fracture  origin  are  shown  in  Figure  20.  Striations  have  been  observed  on  facets  A,  B and  C.  Those 
on  facet  A are  shown  in  Figure  23. 


Figure  21  Scanning  Electron  Micrographs  of  the  ‘fish  eye’  Fracture  Origin  in  Specimen 
No.  4 Illustrating  the  Origin  of  the  “brittle-type  striations”. 

(a)  Showing  the  ‘brittle-type’  striations  on  the  ‘fish  eye’  and  the  microstruc- 
ture of  a longitudinal  section  near  the  central  pore  and  (b)  longitudinal  section 
closer  to  the  central  pore,  etched  to  reveal  the  microstructure  on  the  fracture 
surface.  A comparison  of  (a)  and  (b)  shows  that  the  striations  are  located  at  the 
interface  between  the  a platelets. 
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(a)  Replica  Showing  Fine  Fatigue  Striations  Between  Facet  A and  the  ‘Fish 
Eye’  on  the  Fracture  Surface  Illustrated  in  Figure  19. 

(b)  SEM  Showing  Fatigue  Striations  on  Facet  A. 
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The  general  appearance  of  a nondwell-tested  fracture  surface  is  illustrated  in  Figure  24a  for 
specimens  #25  which  failed  after  860  cycles,  12  cpm.  The  fracture  origin  exhibits  two  fan- 
shaped facets  located  toward  the  edge  of  the  specimen.  A small  pore  0.0003"  long  was  ob- 
served in  an  area  between  the  two  facets,  “brittle-type”  striations  are  also  present  in  this  area 
(Figure  24b).  Fatigue  striations  were  observed  in  isolated  areas  surrounding  these  two  facets. 
Results  of  the  striations  spacing  measurements  will  also  be  presented  in  Section  II.2.c(l). 


Figure  24  (a)  General  Appearance  of  the  Fracture  Surface  of  Specimen  No.  25. 

(b)  The  Fracture  Origin  which  is  Located  Between  the  Two  Fan-Shaped 
Facets,  showing  the  Small  pore  and  the  Brittle-Type  Striations. 

(2)  Fractures  in  Defect-Free  Material 

The  general  appearance  of  a dwell-tested  fracture  which  does  not  involve  a rosette  defect  is 
shown  in  Figure  25a  for  specimen  #47.  The  fracture  surface  contains  a macroscopic  step,  the 
fracture  origin  is  located  by  an  arrow  near  the  edge  of  the  upper  step.  It  consists  of  a small 
facet  and  is  marked  by  a “river”  pattern  as  shown  in  Figure  25b.  The  appearance  is  similar  to 
that  of  a rosette  failure  except  that  the  small  central  pore  is  absent.  No  fatigue  striations  were 
observed  on  this  fracture  surface. 

The  general  appearance  of  a normal  fracture  surface  in  a nondwell  test  is  shown  in  Figure  26a 
for  specimen  #45.  The  location  of  the  surface  origin  is  indicated  by  an  arrow.  It  is  interesting 
to  note  the  absence  of  a relatively  large  facet  at  the  origin  as  those  shown  in  previous  fractures. 
The  fatigue-propagation  region  around  the  fracture  origin  is  relatively  flat  and  contains  cleavage- 
like facets  on  which  fatigue  striations  were  observed  as  shown  in  Figure  26b. 
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Figure  26  (a)  The  General  Appearance  of  the  Fracture  Surface  of  Specimen  No.  45.  The 

surface  crack  origin  is  indicated  by  an  arrow.  Note  the  absence  of  large 
cleavage-like  facets  at  the  fracture  origin. 

(b)  Fatigue  Striations  Observed  Near  (he  Fracture  Origin. 
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(4)  Chemical  Measurements  of  a Rosette  Defect  Origin 


The  contents  of  interstitials  H,  N and  O determined  from  material  located  at  the  defect-prone 
area  of  the  IMI685  forging  are  48,  40  and  1 138  ppm,  respectively.  These  interstitial  contents 
are  within  the  specification  for  this  material.  The  chemical  analysis  of  Al,  Zr,  Mo,  Si  and  C 
have  been  given  by  Eylon  and  Hall^^\  The  bulk  composition  appears  to  be  within  normal 
specification  limits.  Two  different  techniques  for  analyzing  local  chemistry  near  rosette  have 
been  attempted.  The  techniques  and  the  results  obtained  are  given  below. 

The  simplest  method  was  to  produce  rosette-type  of  failure  and  then  to  directly  analyze 
the  defect  location.  Thus,  one  half  of  the  “fish-eye”  fracture  origin  of  specimen  #4  (Figures 
19  and  20)  was  analyzed  by  Auger  electron  spectroscopy.  The  other  half  of  the  fracture  was 
sectioned  longitudinally  tlirough  the  central  pore  in  the  “fish-eye”  and  mounted  for  metallo- 
graphic  and  electron  microprobe  examination  by  wave  length  dispersive  technique.  After 
the  Auger  and  the  electron  microprobe  examinations,  the  fracture  surface  and  longitudinal 
section  were  studied  by  secondary  ion  microprobe  technique  using  a ^^0+  primary  beam. 

ir 

(a)  Secondary  Ion  Microprobe  Results 

I 

: Determination  of  local  chemistry  on  the  fracture  surface  was  found  to  be  rather  difficult 

I even  though  the  fracture  origin  (fish  eye)  is  relatively  flat.  The  low  sputtered  ion  yield  pre- 

1 vented  meaningful  ion  image  from  being  obtained.  In  addition,  the  non-reflectivity  and 

varying  focal  depth  also  prevented  exact  correlations  with  scanning  electron  micrographs 
, of  the  regions  from  which  the  secondary  ions  were  generated.  Consequently,  data  were  ob- 

tained from  the  longitudinal  section  of  the  fracture  only.  These  data  were  recorded  after 
the  contaminated  surface  layer  was  sputtered  away.  The  relative  changes  in  concentrations 
of  several  elements  during  sputtering  are  shown  in  Figure  27  which  was  obtained  near  the 
fracture  origin.  The  relatively  high  initial  concentrations  of  Na,  Si  and  C are  due  to  surface 
contamination.  These  decreased  as  steady  stable  levels  of  major  constituents  Ti  and  Al 
were  approached.  Current  data  taken  after  sputtering  for  one  to  two  hours  were  reduced 
to  the  concentration  listed  in  Table  7.  These  results  may  be  compared  meaningfully  on  a 
relative  basis,  but  have  known  errors  in  an  absolute  sense.  For  instance,  it  has  been  estab- 
lished in  previous  studies  that  the  data  reduction  scheme  used  produces  high  results  for 
aluminum.  On  a relative  basis.  Table  6 indicates  that  the  most  significant  difference  between 
the  fracture  origin  and  the  bulk  is  in  the  N contents,  which  is  slightly  over  four  times  higher 
at  the  origin.  Contrary  to  popular  speculation,  the  H content  at  the  origin  was  found  to 
be  lower  than  that  in  the  bulk  by  a factor  of  two.  Other  differences  are  small  but  tend  to 
indicate  that  the  fracture  origin  is  lower  in  alpha-stabilizing  elements  Al  and  C and  higher 
beta  stabilizing  elements  Fe  and  B. 
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Figure  27  Change  in  Intensities  of  Several  Elements  as  a Function  of  Sputtering  Time.  De 
termination  of  compositions  at  the  ‘fish  eye’  fracture  origin  and  the  bulk  com- 
menced after  steady  levels  of  major  elements  were  observed. 


TABLE  7 


ION  MICROPROBE  ANALYSES  OF 
ROSETTE  FRACTURE  IN  IMI  685 


Element 

Bulk 

Near  Origin 

(Atomic  Percent) 

Li 

3.6  X lO"^ 

3.0x10-4 

B 

1.46  X 10' 

^ 2.55  x 10-2 

C 

0.89 

0.54 

A1 

30.91 

23.49 

Si 

1.51 

1.55 

Fe 

0.23 

0.28 

(Relative  Ion  Intensities  Ti  =1.0)  I 

H 

2.5  X 10-4 

1.1  x 10-4 

N 

2.7  X 10-6 

11.2x  10-6 

Cl 

7.7  X 10-6 

10.7  X 10-6 

(b)  Optical  Metallography,  Auger  Spectroscopy  and  Electron  Microprobe  Analysis 

Optical  metallography  (See  Figure  22)  revealed  no  microstructural  anomaly  at  the  “fish-eye” 
and  electron  microprobe  results  showed  no  detectable  difference  in  chemistry  at  the  fracture 
origin.  However,  the  sensitivity  of  the  electron  microprobe  technique  for  detecting  inter- 
stitials is  known  to  be  poor,  especially  at  low  concentrations.  Some  of  the  results  of  the 
Auger  electron  spectroscopy  (AES)  are  shown  in  Figure  28  which  were  obtained  at  the 
fracture  origin  before  (Figure  28a)  and  after  sputtering  (Figure  28b).  It  can  be  seen  that 
the  sputtering  reduced  the  concentrations  of  S,  C and  O which  are  common  surface  contam- 
inents.  The  nitrogen  peak  coincides  with  one  of  the  Ti  peaks  and  therefore  its  concentra- 
tion cannot  be  readily  determined.  No  significant  difference  was  observed  between  the 
AES  results  at  the  fracture  origin  and  bulk  material. 

The  second,  more  indirect,  technique  was  based  on  the  assumption  that  the  defect  contains 
either  alpha  or  beta  stabilizing  contaminents  of  such  concentrations  that  would  result  in 
observable  local  change  in  beta  transus  temperature.  With  an  appropriate  thermomechan- 
ical processing  it  was  considered  possible  that  a defect  could  be  distinguished  by  micro- 
structural  variation.  In  order  to  produce  a worked  structure  a compression  specimen  was 
fabricated  with  a C-scan  identified  defect  located  approximately  at  its  center.  The  speci- 
men was  then  isothermally  compressed  at  1830°F  to  87%  reduction  in  height,  using  boron 
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nitride  as  a lubricant.  The  compressed  specimen  was  then  polished  to  the  expected  defect 
locations.  The  transverse  metallographic  section  was  examined  optically.  This  section  was 
then  heat-treated  in  vacuum  at  1830“F  for  one  hour  and  the  heat-treated  microstructure 
was  studied  optically  and  by  wave-length  dispersive  electron  microprobe  technique. 


Figure  28  Auger  Electron  Spectrographs  at  the  ‘fish  eye’  Fatigue  Origin 

(a)  Before  sputtering 

(b)  After  sputtering,  note  the  decrease  in  C,  O and  S which  are  common 
surface  contaminants. 

The  microstructure  of  the  defect-containing  specimen  after  isothermal  compression  at 
1830°F  to  87%  reduction  in  height  is  shown  in  Figure  29.  Recrystallization  has  occurred 
heterogeneously  throughout  the  sample,  and  revealed  no  clear-cut  memo  structural  differences 
at  the  expected  defect  site.  Although  additional  recrystallization  occurred  when  the  com- 
pressed specimen  was  heat-treated  at  1830°F  for  one  hour,  many  localized  areas  remained 
un recrystallized.  The  microstructure  after  the  heat  treatment  is  reminiscent  of  beta  flecked 
material  described  in  the  second  section  of  this  report.  The  results  of  the  electron  micro- 
probe analysis  of  the  recrystallized  and  unrecrystallized  regions  (Figure  30)  are  shown  in 


Table  8. 
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Figure  29  Microstructure  Near  the  Expected  Rosette  Defect  Site  in  an  IMI  685  Specimen 
Which  had  been  Isothermally  compressed  ai  1830°F. 


0.2  mm 
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Figure  30  The  Microstructurc  Shown  in  Figure  29  After  Additional  Recrystallization 
Treatment  at  1830°F  for  1 Hour. 


TABLE  8 


ELECTRON  MICROPROBE  ANALYSES  OF  FORGED  IMI  685 

No.  of  Counts  in  100  Sec. 


Equiaxed 

Acicular 

Element 

Microstructure* 

Microstructure* 

A1 

39920 

36470 

Zr 

2420 

2410 

Mo 

693 

721 

*See  Figure  30 

The  data  represent  relative  compositions  averaged  over  an  area  of  10^  cm^.  Although  the 
differences  between  the  recrystallized  and  unrecrystallized  regions  are  small,  a definite  trend 
can  be  detected.  The  unrecrystallized  region  shows  higher  concentrations  of  the  beta  sta- 
bilizing element  Mo  and  lower  concentrations  of  the  alpha  stabilizing  elements  A1  and  Zr 
than  the  recrystallized  region.  Unfortunately  this  experiment  did  not  provide  any  additional 
information  on  the  chemistry  of  a rosette-type  defect. 

(5)  Fatigue  Testing  at  400° F 

Seven  specimens  were  LCF  tested  at  400°  F at  a stress  range  oi  .iO-100  ksi  using  either  a 
dwell  cycle  ( 1 2 eph)  or  a non-dwell  cycle  ( 1 2 cpm).  The  results  are  summarized  in  Table  9. 
Ail  four  specimens  that  had  sonic  indications  in  their  gage  sections  failed  with  very  low  cy- 
clic lives  at  either  test  frequency.  Based  on  the  one  defect-free  specimen  that  was  dwell 
tested,  it  appears  that  the  dwell  debit  is  smaller  at  400° F than  that  observed  in  70° F tests. 

All  short  life  specimens  failed  from  subsurface  origins  which  did  not  appear  to  show  the 
characteristic  features  of  a rosette-type  failures  observed  in  room  temperature  tests.  A typ- 
ical fracture  for  a defect-containing  specimen  is  shown  in  Figure  3 la  in  which  the  apparent 
fatigue  origin  is  indicated  by  an  arrow.  It  can  be  seen  that  the  scale  of  the  cleavage  facets 
are  much  larger  than  those  observed  in  tests  at  70° F.  A longitudinal  section  of  the  fracture 
surface,  shown  in  Figure  31b,  shows  that  the  cracks  cut  across  several  colonies  within  a 
prior  beta  grain.  In  fact  the  facet  size  appears  to  be  set  by  the  latter  microstructural  dimen- 
sion. 

In  contrast,  cracks  in  specimens  that  failed  with  long  lives  were  surface  nucleated.  Figure 
32a  shows  the  general  fracture  appearance.  It  can  be  seen  that  the  facets  are  smaller  than 
that  of  the  defect-containing  specimen.  The  smaller  facet  size  appears  to  correlate  with  the 
dimensions  of  alpha  colonies  and  prior  beta  grain  shown  in  Figure  32b. 
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TABLE  9 


IMI  685  WF,  30-100  KSI  LCF  TESTS 


S/N® 

C-Scan 

Indication 

Cycles  to 
Failure 

Surface 

Initiation  Site 
Subsurface 

Rosette  Defect 

12  cph 

i 21 

I 

6 

Yes 

No 

i 23 

I 

39 

Yes 

No 

[ 

1' 

NI 

4,462+ 

j 48 

I 

1 

Yes 

No 

12  cpm 

10 

NI 

7,510 

Yes 

No 

44 

NI 

48,160 

Yes 

No 

49 

I 

1 

Yes 

No 

I Indication 
NI  No  indication 

+ Test  discontinued  after  4,462  cycles  with  no  failure 
o Specimen  Number 

c.  Ancillary  Experiments 

It  was  clear  from  the  experiments  described  in  the  previous  sections  that  the  70°  F fatigue 
results  obtained  on  IMI  685  were  very  similar  to  those  observed  by  Eylon  and  Hall^^^. 
However  several  areas  pertinent  to  providing  an  explanation  of  this  behavior  pattern  required 
clarification.  These  areas  can  be  divided  into  three  groups  as  follows: 

1 ) Cracking  rates  that  occurred  in  IMI  685  under  dwell  test  conditions  could  be  very 
high.  These  rates  needed  to  be  determined  and  compared  with  data  from  other 
tests  and  behavior  in  other  alloys. 

2)  The  relationship  between  the  seeded  defects  experiments  on  Ti-6A1-4V,  the  higher 
nitrogen  content  at  a rosette  origin  and  the  rosette  failure  in  IMI  685  required 
elucidation. 

3}  It  was  unclear  if  the  remarkable  fatigue  characteristics  observed  in  IMI  685  were 
unique  or  if  they  occurred  in  other  alpha:beta  titanium  alloys.  Cracking  behavior 
from  naturally  occurring  flaws  and  also  dwell-testing  effects  in  non-defective  ma- 
terial were  areas  of  interest. 
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Figure  3 1 (a)  General  Appearance  of  the  Fracture  of  Specimen  No.  49  Tested  at 

400° F.  The  apparent  fracture  origin  is  indicated  by  an  arrow. 

(b)  A Longitudinal  Section  Along  the  Line  Indicated  in  (a).  Showing  the 
prior  |3  grain  size  adjacent  to  the  fracture  surface. 


4b 


Figure  32 


b 

(a)  General  Appearance  of  the  Fracture  of  Specimen  No.  44  Tested  at 
400° F. 

(b)  A Longitudinal  Section  Along  the  Line  Indicated  in  (a),  Showing  the  Prior 
P Grain  Size  Adjacent  to  the  Fracture  Surface. 
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The  experiments  and  results  described  in  this  Section  were  undertaken  to  provide  insight 
into  these  specific  problems. 

(1)  Crack  Nucleation  and  Propagation  Rates  in  IMI  685 

Two  methods  were  employed  to  obtain  information  on  the  nucleation  and  cracking  behavior 
of  IMI  685.  In  the  first  group  of  experiments  defective  and  defect-free  specimens  were 
subjected  to  fatigue  cycling  under  an  increasing  load.  Specifically  the  stress  on  specimens 
was  increased  10%  after  1000  cycles  imposed  at  a frequency  of  12  cycles  per  hour.  The  in- 
itial maximum  stress  level  was  80  ksi  and  a R value  of  0.3  was  used.  It  was  hoped  that  at 
such  stress  increase  the  position  of  the  crack  front  would  be  marked  and  thus  both  the  on- 
set of  cracking  and  local  (average)  cracking  rates  could  be  determined. 

The  results  of  these  uploading  experiments  are  summarized  in  Table  10.  The  defect-free 
specimen  (#9)  failed  after  four  stress  increments  with  a cumulative  fracture  life  of  4,500 
cycles.  The  general  appearance  of  the  fracture  is  shown  in  Figure  33,  from  which  it  can  be 
seen  that  fatigue  initiated  at  a subsurface  origin  located  at  the  upper  left  quarter  of  the  fig- 
ure. The  appearance  of  the  fracture  surface  is  typical  of  dwell-tested  specimens.  Neither 
crack-front  marking  resulting  from  stress  increments  nor  fatigue  striations  were  observed. 
Results  from  the  second  specimen  were  equivalent  although  a slightly  lower  life  was  observed. 


TABLE  10 

IMI  685  TO^F  UPLOADING  LCF  TESTS 
R = 0.3,  12  cph 

Max.  Stress  Cumulative  Fracture  Life  (Cycles) 

Cycles  (Ksi)  Specimen  No.  9 Specimen  No.  20  Specimen  No.  26 


1 - 1000 

80 

1001  -2000 

88 

* 

* 

* 

2001  - 3000 

97 

♦ 

2600 

♦ 

3001  -4000 

107 

* 

4001 -5200 

117 

4900 

5201  -6260 

120 

6260 

*No  failure  occurred  after  1000  cycles  at  the  stress  indicated. 
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The  defect  containing  specimen  (#20)  fractured  after  the  second  stress  increment  at  a max- 
imum stress  of  97  ksi.  The  cumulative  fracture  life  was  2,600  cycles.  Fracture  initiated  at 
a subsurface  rosette  defect  which  is  illustrated  in  Figure  34.  The  fracture  origin  consists 
of  an  elliptical  facet  with  major  and  minor  axes  of  0.009"  and  0.006".  Near  the  center  of 
this  facet  is  a small  pore  0.00016"  long.  Other  characteristic  features  of  the  rosette  frac- 
ture, “river  pattern”  and  “brittle-type”  striations  are  again  observed.  However,  neither 
crack-front  markings  nor  fatigue  striations  could  be  located  on  the  fracture  surfaces. 


Although  the  crack  propagation  rates  could  not  be  determined  from  results  of  any  of  the 
above  tests,  fatigue  striations  observed  in  dwell-tested  will  be  presented  later. 


The  General  Appearance  of  the  Fracture  of  Specimen  No.  9.  The  stress  had  been 
incremently  increased  four  times  before  fraction.  No  crack-front  marking  due  to 
the  uploading  is  apparent  on  the  fracture  surface. 


Figure  33 
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(a)  General  Appearance  of  the  Fracture  Near  the  Rosette  Crack  Origin 
Observed  in  Specimen  No.  20. 

(b)  Details  of  the  Rosette  Crack  Origin  Showing  the  Characteristic  Central 
Pore  and  the  Brittle-Type  Striations. 


In  the  second  technique  which  is  applicable  to  surface  cracks  only,  nucleation  was  moni- 
tored by  zyglo  inspection  and  the  crack  propagation  was  recorded  by  surface  replication. 
Using  this  technique  crack  nucleation  and  propagation  has  been  studied  at  maximum  stesses 
of  120  ksi  and  126  ksi  at  12  cpm.  The  nucleation  of  a crack  in  a dwell  test  was  also  moni- 
tored in  this  test,  a maximum  stress  of  1 20  ksi  was  used.  One  of  the  interesting  effects  of 
test  frequency  on  fatigue  crack  nucleation  is  already  obvious  from  Table  5 in  which  it  can 
be  seen  (hat  the  fracture  origins  of  all  dwell-tested  specimens  are  invariably  subsurface.  This 
leads  to  major  problems  in  assessing  crack  growth  ch^acteristics  of  dwell-tested  specimens. 
The  fatigue  origins  in  the  1 2 cpm  tests  can  be  either  surface  nucleated  or  subsurface  nucle- 
ated. The  results  of  surface  inspection  methods  of  crack  monitoring  are  summarized  in 
Table  1 1 and  will  now  be  described  in  detail. 


TABLE  1 1 

CRACK  NUCLEATION  AND  PROPAGATION 
IMI  685  70°  F LCF  TESTS  R = 0.3 


Specimen 

No. 

Max.  Stress 
(Ksi) 

Cycles  to  Crack 
Indication  (Frequency) 

Crack 
Size  (in.) 

Propagation 

Life  (Frequency) 

Fracture 

Origin 

24 

126 

10,470  (12  cpm) 

0.032 

170(12  cpm) 

Surface 

25 

126 

840  (12  cpm) 

0.016 

20(12cph) 

Subsurface 

Rosette 

45 

120 

8,500  (12  cpm) 

1 pp 

16,500  (12  cpm) 

Surface 

46 

120 

24,000  (12  cpm) 

3 pp* 

131  (12cph) 

Subsurfaci’ 

47 

118.5 

— 

... 

552  (12  cph) 

Subsurface 

No  data 

No  correlation  of  these  'pin-point'  cracks  (crack  lengths  of  0.005"  to  0.015")  to  the 
final  fracture. 


In  the  initial  test  a specimen  (#24)  was  tested  at  a maximum  stress  of  126  kSi,  R = 0.3  and 
1 2 cpm.  After  the  initial  9670  cycles  no  crack  was  detected  but  at  the  next  inspection  in- 
terval (10,400  cycles)  a crack  0.032"  in  length  was  found.  This  crack  propagated  to  frac- 
ture after  1 70  additional  cycles  and  before  the  next  surface  replica  was  due.  Thus  it  is  clear 
that  a major  portion  of  the  fracture  life  was  spent  in  nucleating  a crack  although  the  exact 
nucleation  event  was  not  measured.  Fatigue  striations  were  observed  on  the  fracture  surface 
of  this  specimen  and  details  of  the  measurements  made  will  be  given  below. 
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A second  specimen  (#45)  was  tested  at  a stress  range  of  36  to  1 20  ksi  and  at  a frequency  of 
12  cpm.  A “pin-point”  crack  was  detected  after  8,500  cycles  and  the  frac  ure  life  of  the 
specimen  was  25,000  cycles.  The  rate  of  propagation  of  the  surface  crack,  as  determined 
from  surface  replicas  taken  during  the  test,  are  given  in  Figure  35.  From  the  slope  of  the 
crack  length  versus  cycle  plot  and  the  corresponding  AK  values  computed  using  the  semi- 
circular crack  approximation,  curve  D in  Figure  36a  is  obtained.  For  comparison,  the  crack 
propagation  data  obtained  by  Rolls  Royce  (F,  (Curves  A and  B)  and  by  the  Metcut  (6) 
(Curve  C)  are  also  shown. 


Cycles  (xlO^) 


Figure  35  Surface  Crack  Length,  2a  Versus  Number  of  Cycles  for  Specimen  No.  45 
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Figure  36(a)  Crack  Propagation  Results  as  Determined  by  Measurement  of  a Surface 
Crack  on  a Smooth  (Kj=l)  LCF  Specimen  (Curve  D)  Compared  With 
Those  Determined  From  Fracture  Mechanics  Specimens  (Curve  A,  B,  and 
C). 


A third  specimen  (#25)  was  tested  under  exactly  the  same  conditions  as  specimen  #24 
and  at  the  first  inspection  interval  at  840  cycles,  a 0.016"  crack  was  observed.  The  cyclic 
frequency  was  changed  to  12  cph.  The  intention  was  to  measure  the  rates  of  propagation 
of  this  crack  under  a dwell  condition,  however  the  specimen  fractured  after  20  dwell  cycles. 
Scanning  electron  fractography  (Figure  24)  shows  that  the  observed  surface  crack  had  initi- 
ated at  a subsurface  rosette  defect  and  that  a near-critical  crack  had  developed  before  the 
frequency  change. 

The  fourth  specimen  (#46)  was  tested  in  exactly  the  same  conditions  as  specimen  #45  un- 
til “pin-point”  cracks  were  detected  after  24,000  cycles.  The  frequency  was  then  changed 
to  1 2 cph  in  order  to  measure  crack  propagation  rates  under  dwell  conditions.  Fracture 
occurred  after  131  dwell  cycles  and  was  not  associated  with  the  “pin-point”  cracks.  The 
scanning  electron  fractographs  shows  that  the  cracture  was  subsurface  nucleated.  Fatigue 
striations  were  not  observed  on  the  fracture  surfaces.  No  direct  information  regarding  the 
subsurface  crack  nucleation  life  could  be  obtained  from  the  fractography,  although  it  is 
clear  from  results  of  this  specimen  and  those  cited  above  that  surface  crack  nucleation  life 
in  the  12  cpm  test  is  a significant  portion  of  the  fracture  life.  It  can  be  seen  from  Figure  18 
that  the  nucleation  lives  of  these  specimens,  > 8,000  cycles,  are  greater  than  the  total  life 
of  dwell-tested  specimens. 

The  above  experiments  did  not  yield  any  information  on  the  growth  of  a crack  under  dwell 
conditions.  As  noted  in  several  places  in  the  text,  striations  have  been  observed  on  some 
fracture  surfaces.  All  striation  data  is  collected  and  presented  in  Figure  36b  in  the  form 
of  a crack  growth  rate  (da/dN)-cyclic  stress  intensity  (AK)  plot.  The  relationship  is  derived 
by  calculating  the  AK  level  for  a surface  or  subsurface  cracks  using  the  distance,  a , from 
the  crack  origin  and  the  applied  stress.  The  curve  assumes  that  one  striation  is  formed  on 
each  fatigue  cycle  and  thus  the  striation  spacing  can  be  converted  to  a da/dN  value.  Two 
approximate  curves  can  be  constructed  through  these  data  points,  curve  D for  a surface 
nucleated  crack  at  a frequency  of  10  cpm  and  curve  E for  subsurface  cracks  tested  under  a 
dwell  cycle  ( 1 2 cph). 

(2)  Seeded  Defects  in  IMI  685 


Three  sets  of  seeded  IMI  685  specimens  have  been  fabricated  using  material  from  a defect- 
free  region  of  the  forging  described  in  Sections  II.2.b(l)  and  b(2).  The  first  set  of  speci- 
mens was  prepared  with  either  a 0.03"  diagonal  hardness  indentation  or  an  indentation 
containing  Ti-6A1-4V  hyride.  Diffusion  bonding  was  performed  at  1800°F  under  500  psi 
for  4 hours.  These  specimens  were  tested  without  further  heat  treatment.  Both  the  LCF 
and  the  appearance  of  the  fracture  surfaces  of  specimens  in  the  first  set  indicated  that  the 
diffusion  bonds  were  inadequate.  Consequently,  a higher  temperature  and  pressure  were 
used  for  the  diffusion  bonding  of  the  second  and  third  sets  of  specimens,  specifically  1850°F 
for  4 hours  at  600  psi.  The  indentation  size  was  held  constant  at  0.03"  in  both  the  second 
and  third  sets.  Before  specimen  machining  the  bonded  blocks  were  given  a beta  heat  treat- 
ment of  1922°F  for  1 hour  followed  by  an  oil  quench  and  an  age  at  1076°F  for  8 hours, 
air  cool.  As  will  be  shown  below  this  heat  treatment  resulted  in  a microstnicture  that  is 
not  equivalent  to  that  in  the  center  section  of  the  forging  used  for  the  experiments  de- 
scribed in  Section  2.b.  This  can  be  traced  to  the  smaller  section  size  of  the  diffusion  bonded 


block  and  consequently  faster  cooling  rate  compared  with  that  in  the  forging.  In  order  to 
produce  the  same  structure,  selected  specimens  in  the  third  set  were  reheat-treated,  under 
vacuum,  at  1950°F  for  1 hour  followed  by  cooling  in  an  argon  atmosphere.  Ti-6A1-4V 
hyride  and  TIN  were  used  as  contaminants  in  the  second  set,  TiN  was  used  in  the  third  set. 

All  the  seeded  IMI  685  specimens  were  tested  at  a maximum  stress  of  1 10  ksi  with  combin- 
ations of  stress  ratio  (R)  and  frequency  of  either  R = 0,  20  cpm,  or  R = 0.3,  12  cph.  These 
conditions  were  selected  to  allow  direct  comparison  of  data  with  other  tests  on  IMI  685. 


Figure  36(b)  Crack  Propagation  Results  as  Determined  by  Fatigue  Striation  Measure- 
ment on  Smooth  (Kj=l)  LCF  Specimens. 
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The  LCF  results  of  the  three  sets  of  seeded  specimens  are  given  in  Tables  12  and  13  for 
tests  at  12  cph  and  12  cpm,  respectively.  Fracture  initiated  at  the  seeded  pores  in  most  cases 
the  one  exception  is  noted  below.  The  microstructure  of  the  specimens  used  in  the  major 
portion  of  tests  of  the  second  and  third  sets  is  illustrated  in  Figure  37a.  It  can  be  seen  that 
the  microstructure  consists  of  a mixture  of  colony  and  Widmanstatten  structures.  As  shown 
in  Figure  37b  the  microstructure  of  the  reheat-treated  specimens  in  the  third  set  consists 
of  colony  structure  equivalent  to  that  in  the  center  region  of  the  forging.  These  microsturc- 
tural  differences  are  reflected  both  in  the  fracture  morphology  and  in  the  LCF  behavior. 

The  appearance  of  the  fracture  surface  of  a specimen  tested  under  dwell  conditions  (Speci- 
men #41 ) is  shown  in  Figure  38. 


TABLE  12 


DEFECT-SEEDED*  IMI  685 
70°  F LCF 
33-nOKSl,  12  cph 


Specimen  No. 

Seeded  Contaminant 

Cycles  to  Failure 

Ref.  4 

None,  Control  Specimen 

8700 

42(3) 

None,  Diffusion  Bond  Only 

5712+ 

3i(3)' 

None,  Pore  Only 

2955 

12(1) 

None,  Pore  Only 

1075 

130 

None,  Pore  Only 

900 

160 

Ti-6AMV  Hydride® 

610 

19(1) 

Ti-6AMV  Hydride® 

494 

2g(2) 

Ti-6AWV  Hydride® 

3033 

34(2) 

Titanium  Nitride  (TiN) 

478 

38(3)' 

Titanium  Nitride  (TiN) 

394 

40(3) 

Titanium  Nitride  (TiN) 

2177 

41(3) 

Titanium  Nitride  (TiN) 

1470 

° Hydrogen  content  1.2% 

• Pyramid-shaped  hardness  indentation  0.03"  diagonal  seeded  with  the  contaminant  as 
indicated. 

+ Test  discontinued  after  5712  cycles  with  no  failure. 

(1)  First  set  of  specimens  diffusion  bonded  at  1800°F  for  4 hours  at  500  psi. 

(2)  and  (3)  Second  and  third  sets  of  specimens  diffusion  bonded  at  1850°F  for  4 hours 

at  600  psi.  Microstructure  shown  in  Figure  37a. 

(3) '  Third  set  of  specimens  reheat  treated  to  produce  microstructure  shown  in  Figure  37b. 
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TABLE  13 


DEFECT-SEEDED*  IMI  685 
TO^FLCF 
O-llOKSI,  12cpm 


Specimen 

No. 

Seeded  Contaminant 

Cycles  to  Failure 

6 

None,  Control  Specimen 

22,560 

7 

None,  Control  Specimen 

33,950 

15(1) 

None,  Diffusion  Bond  Only 

7,650 

29(2) 

None,  Diffusion  Bond  Only 

12,170 

ll(l) 

None,  Pore  Only 

6,090 

14(1) 

None,  Pore  Only 

6,110 

33(2) 

None,  Pore  Only 

9,450 

17(1) 

Ti-6A1-4V  Hydride® 

9,160 

27(2) 

Ti-6A1-4V  Hydride® 

7,270+ 

30(2) 

Ti-6A1-4V  Hydride® 

4,233 

35(2) 

Titanium  Nitride  (TiN) 

16,326 

36(2) 

Titanium  Nitride  (TiN) 

4,586 

32(2) 

Titanium  Nitride  (TiN) 

1 2,460 

39(3)' 

Titanium  Nitride  (TiN) 

22,700 

o Hydrogen  content  1.2% 

* Pyramid-shaped  hardness  indentation  0.03"  diagonal  seeded  with  the  containment 
as  indicated. 

+ Fracture  caused  by  accidental  overloading. 

( 1 ) First  set  of  specimens  diffusion  bonded  at  1 800°F  for  4 hours  at  500  psi. 

(2)  Second  set  of  specimens  diffusion  bonded  at  1850°F  for  4 hours  at  600  psi. 
Microstructure  shown  in  Figure  37a. 

(3) '  Third  set  of  specimen  reheat  treated  to  produce  microstructure  shown  in  Figure  37b. 

Tested  at  33-110  ksi,  12  cpm. 
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Figure  37 


(a)  Microstructure  of  the  Second  and  Third  Sets  of  Specimens 

(b)  Microstructure  of  the  Third  Set  of  Specimens  After  a Slower  Cool  From 
the  Solution  Temperature 
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Figure  38  The  Appearance  of  the  Fracture  Surface  of  the  Nitrided-Seeded  Specimen  No. 

41.  The  microstructure  is  given  in  Figure  37a.  Fracture  initiated  at  the  seeded 
pore  which  can  be  located  at  the  upper  left  corner. 

Fracture  initiated  at  the  TiN-seeded  pore  (upper  left  comer  of  the  Figure)  near  the  center 
of  the  gage  area.  The  morphology  of  the  fracture  around  the  pore  is  relatively  flat  and 
consists  of  small  rectangular  facets.  Beyond  this  region  which  is  approximately  0.07” 
diameter,  the  fracture  appears  to  be  typical  of  those  resulting  from  the  dwell  test.  By  con- 
trast, large  cleavage-like  facets  are  observed  around  the  TiN-seeded  pore  in  the  specimen 
with  coarser  microstmcture  (#38)  as  shown  in  Figure  39.  Except  for  the  absence  of  the 
“fish-eye”  the  appearance  of  the  fracture  is  typical  of  that  in  the  rosette  failure.  A longi- 
tudinal section  through  the  seeded  pore  revealed  no  detectable  microstructural  change  due 
to  the  introduction  of  hyride  or  nitride.  This  is  illustrated  for  the  case  of  an  indentation 
containing  nitride  in  Figure  40.  The  fracture  appearance  of  the  dwell-tested  specimen  with 
coarse  microstructure  and  containing  a pore  (Specimen  #3 1 ) is  shown  in  Figure  41a.  The 
pore  is  indicated  by  an  arrow  at  the  upper  right  quarter  of  this  Figure  and  is  shown  in  high- 
er magnification  in  Figure  41b,  and  is  seen  to  be  located  at  an  overload  fractured  region. 
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Figure  39  Fracture  Appearance  of  the  Dwell-Tested  Specimen  (No.  38)  Which  Contains 
A Nitride-Seeded  Pore 
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Figure  40  (a)  Microstructure  of  a Longitudinal  Section  Through  the  Nitride-Seeded 

Pore  (Indicated  By  an  Arrow)  in  Specimen  No.  38. 

(b)  Microstructure  of  the  nitride-seeded  Pore  Shown  in  Higher  Magnification. 
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(a)  General  Fracture  Appearance  of  the  Owell-Tested  Specimen  (No.  31) 
Which  Contains  a Clean  Pore.  The  pore  (indicated  by  the  upper  arrow)  is 
partially  exposed  and  is  located  at  the  overload  failed  region. 

(b)  The  Clean  Pore  Shown  at  Higher  Magnification. 

(c)  The  Fracture  Origin  which  is  Indicated  by  the  Lower  Arrow  in  (a). 


The  fatigue  fracture  origin  which  is  indicated  by  an  arrow  at  the  lower  left  quarter  of  Fig- 
ure 41a.  As  shown  in  higher  magnification  in  Figure  41c,  the  fracture  origin  consists  of  a 
cleavage-like  facet  on  which  “river  markings”  can  be  observed.  Large  cleavage-like  facets, 
typical  of  dwell-tested  specimens,  are  observed  around  the  crack  origin.  The  fracture  sur- 
faces of  specimens  tested  at  a higher  frequency  exhibited  a somewhat  different  topography, 
an  example  is  shown  in  Figure  42.  This  specimen  (#39)  had  a colony  type  structure  and 
thus  can  be  compared  with  Figure  39.  The  increased  roughness  of  the  fracture  surface  is 
evident  for  the  high  frequency  test  and  the  overall  appearance  is  similar  to  that  of  defect- 
free  specimens  tested  at  the  same  condition,  see  Figure  26a.  However  for  specimens  that 
failed  from  the  surface  origin  striations  are  observed,  while  no  striations  were  found  in  the 
present  case  of  cracking  from  a subsurface  nucleus. 


Figure  42 


Fracture  Appearance  of  the  High  Frequency-Tested  (12  cpm)  Specimen  (No. 
39)  Which  Contained  a Nitride-Seeded  Pore 
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An  interesting  effect  of  microstructures  on  the  dwell  debit  on  the  TiN-teeded  pore  is  ob- 
vious from  Tables  12  and  13.  The  colony  microstructure  resulted  in  a dwell  debit  of  two 
orders  of  magnitude.  The  mixed  microstructure  resulted  in  a dwell  debit  of  one  order  of 
magnitude.  The  fatigue  lives  of  the  seeded  specimens  relative  to  those  of  the  defect-free 
and  rosette-containing  specimens  are  illustrated  in  Figure  43  for  sets  2 and  3.  The  data 
points  from  specimens  seeded  with  hyride  and  nitride  are  indicated  by  the  letters  H and  N 
respectively.  As  can  be  seen  from  this  Figure,  the  TiN-seeded  defect  in  the  colony  micro- 
structure  reproduces  the  rosette  fatigue  debit  reasonably  close  since  dwell  and  nondwell 
lives  comparable  to  those  of  the  IMI  685  forging  are  exhibited.  Data  points  from  the 
colony-Widmanstatten  microsturcture  lie  between  the  rosette  and  the  high  frequency  data 
band,  therefore  the  rosette  debit  was  not  duplicated  in  this  case. 


Figure  43  The  LCF  Lives  of  Seeded  IMI  685  Specimens  Relative  to  those  of  the  Dwell- 
Tested  ( 1 2 cph)  Specimens  Containing  Rosette  Defects  (Curve  A)  and  Defect- 
Free  Specimens  (Curve  B);  Those  of  the  Defect-Free  or  Rosette-Containing 
Specimens  test  at  1 2 cpm  are  Given  by  the  Scatterband  D.  The  data  points 
from  specimens  seeded  with  hydride  are  indicated  by  H and  those  from  speci- 
mens seeded  with  nitride  by  N. 
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(3)  A Defect-Containing  Specimen  Machined  From  a Forging 

In  an  attempt  to  reproduce  rosette-type  of  failure  observed  previously  by  P&WA  in  a flat 
disk  manufactured  from  Ti-6Al-2Sn-4Zr-2Mo  alloy  (See  Section  II.  1 ) a disk  section  was 
inspected  by  ultrasonic  C-scan  technique  to  locate  defective  regions.  A fatigue  specimen 
was  then  fabricated  containing  one  such  region  in  the  gage  section,  the  shape  and  orienta- 
tion of  this  specimen  is  shown  in  Figure  44.  The  microstructure  of  this  material  is  shown 
in  Figure  45  and  is  typical  of  an  alphaibeta  forged  and  heat  treated  component.  The  speci- 
men was  tested  at  a cyclic  stress  level  of  10-110  ksi  with  a dwell  of  1.5  minutes  at  maximum 
load.  Fracture  of  the  specimen  occurred  after  1.2  x 10"^  cycles.  The  fracture  surface  around 
the  nucleation  site  is  shown  in  Figure  46,  and  the  nucleation  site  is  shown  at  higher  magnifi- 
cation in  Figure  47a.  The  fatigue  origin  consisted  of  a row  of  interconnected  pores  extend- 
ing to  the  surface  of  the  disk.  This  row  of  pores  is  inclined  at  about  45°  to  the  plane  of  the 
disk  and  has  dimensions  of  0.001"  x 0.00013".  The  fracture  origin  bears  some  similarity 
to  cleavage  rosette-type  of  failure  in  that  it  consists  of  small  holes  surrounded  by  a cleavage 
facet  on  which  no  fatigue  striations  were  observed.  Figures  47b  and  c illustrate  the  frac- 
ture appearance  at  positions  removed  from  the  fracture  origin  in  which  striations  can  be  ob- 
served. 


Figure  44  The  Shape  and  Relative  Orientation  of  the  Fatigue  Specimen  Machined  from 
the  Ti-6Al-2Sn-4Zr-2Mo  Flat  Disk.  A defect  had  been  located  at  the  gage  sec- 
tion of  the  specimen  by  the  ultrasonic  C-scan  technique. 


i 

i 
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m&m 


Microstructure  of  the  Ti-6Al-2Sn-4Sn-2Mo  Disk 


Scanning  Electron  Micrograph  of  the  Fracture  Surface  Around  the  Fatigue 
Crack  Origin  in  the  Specimen  Machined  from  a Defective  Ti-6Al-2Sn-4Zr-2Mo 
Flat  Disk  (see  Figure  44).  The  nucleation  site  wliicli  is  shown  in  greater  detail 
in  Figure  47(a)  is  indicated  by  an  arrow. 


Figure  46 
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(4)  Dwell  Debits  in  Other  Alpha: Beta  Titanium  Alloys 

To  determine  whether  the  dwell  debits  observed  in  detect-free  IMI  685  alloy  also  occur  in 

other  titanium  alloys  wliich  have  similar  microstructure  and  composition,  the  LCF  behavior 
of  the  alpha:beta  titanium  alloys  Ti-6Al-2Sn4Zr-2Mo  (Ti-6-2-4-2)  and  Ti-1 1 (Ti-6Al-2Sn- 
1 .5Zr-l  Mo-0.35Bi-0. 1 Si)  was  examined  near  the  end  of  the  current  contract  period.  The  Ti- 
6-2-4-2  was  isothemially  beta  forged  and  given  a grain  growth  heat  treatment  of  2150°F 
for  2 hours  to  produce  a beta  grain  size  similar  to  that  observed  in  the  IMI  685  forging  and 
illustrated  in  Figure  48.  The  sections  were  subsequently  given  a conventional  heat  treat- 
ment consisting  of  1800°F  for  I hour,  air  cool  and  1 100°F  for  8 hours,  air  cool.  Fatigue 
specimens  ol  the  type  shown  in  Figure  1 were  machined  from  the  heat  treated  materials  and 
tested  at  maximum  stresses  of  110  ksi  and  130  ksi  using  cyclic  frequencies  of  either  5 cpm 
or  1 2 cph.  All  tests  were  performed  at  room  temperature 


Figure  48  Microstructure  of  the  Beta-Heat  Treated  Ti-6Al-2Sn-4Zr-2Mo. 

Fatigue  results  arc  given  in  Table  14.  Althougli  none  of  the  specimens  were  tested  to  fail- 
ure under  dwell  conditions,  it  is  evident  from  Table  14  that  the  dwell  debits  in  Ti-6-2-4-2, 
if  any,  is  less  than  one  order  of  magnitude  at  130  ksi  and  probably  smaller  at  1 10  ksi.  Sim- 
ilar observations  have  also  been  made  in  alpha.beta  heat  treated  Ti-6-2-4-2.^ 

The  Ti-I  1 alloy  was  beta  forged  and  had  a heat  treatment  consisting  of  1600°F/24  hr./ 

AC  + 1300°F/2  hr./AC  + I 100°F/8  hr./AC.  This  heat  treatment  resulted  in  some  spheriodi- 
zation  of  the  beta  phase  as  shown  in  Figure  49.  Two  specimens  were  LCF  dwell-tested 
under  a stress  range  of  36-1  20  ksi  at  room  temperature.  Failure  had  not  occurred  after 
6200  cycles.  The  corresponding  fracture  life  of  this  material  at  10  cpm  is  ~ 20,000  cycles. 
Therefore  the  fatigue  debit  in  Ti-1  1,  if  present,  is  again  smaller  than  for  IMI  685. 
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TABLE  14 


LCF  TESTS  OF  BETA  HEAT  TREATED 
Ti-6Al-2Ns-4Zr-2Mo 


Specimen 

No. 

Stress  Range 
(Ksi) 

Cycles  to  Crack  Crack  Size 
Indication  (in.) 

Propagation  Life 

Fracture 

Life 

12cph 

4 

33-110 

16,380  + 

0.000 

- 

— 

9 

39-130 

14,270  + 

0.010 

- 

— 

11 

39-130 

12,500  + 

0.000 

- 

- 

1 2 cpm 

6 

1 1-1 10 

- 

- 

- 

24,750 

10 

39-130 

9,000 

0.010 

17,777 

26,777 

13 

39-130 

31,850 

0.016 

1 1,088 

42,938 

+ Test  discontinued 
- No  data 


a b 

Figure  49  Microstructure  of  Ti-1 1 (a)  shows  the  Large  Prior  Beta  Grains  and  (b)  Shows 
the  Spheroidized  Beta  Phase 
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(5)  Crack  Growth  Measurements  in  Other  Alpha; Beta  Titanium  Alloys 


As  we  shall  examine  in  more  detail  in  Section  II. 3,  one  of  the  anomalous  features  observed 
in  IMI  685  is  the  lack  of  correlation  between  crack  gowth  rates  determined  in  precracked 
fracture  mechanics  specimens  and  the  growth  rates  measured  in  the  LCF  specimens  used  in 
the  current  study.  (This  can  be  seen  by  comparing  curves  A and  D in  Figure  35).  In  order 
to  identify  the  sources,  such  as  difference  in  specimen  geometry,  microstructure  and  alloy 
composition,  etc.,  for  the  observed  discrepancy,  the  progression  of  surface-nucleated  cracks 
in  LCF  specimens  have  been  measured  in  beta-heat  trested  Ti-6-2-4-2  and  an  alpha:  beta 
heat  treated  Ti-6A1-4V.  The  experimental  techniques  used  and  the  treatment  of  data  were 
the  same  as  those  used  on  IMI  685  specimens  described  earlier.  The  microstructure  of  the 
beta  heat  treated  Ti-6-2-4-2  were  given  in  the  preceeding  section.  The  propagation  data  for 
a surface  crack  in  Ti-6-2-4-2  (Specimen  #10)  is  given  in  Figure  50.  Comparisons  between 
the  crack  propagation  data  derived  from  the  surface  crack  measurements  in  LCF  specimens 
and  those  from  fracture  mechanics  specimens  (solid  lines)  are  illustrated  in  Figure  5 1 and 
it  can  be  seen  that  the  agreement  between  those  two  sets  of  data  is  reasonably  good  in  both 
alloys. 


Figure  50  Surface  Crack  Length,  2a  Versus  Number  of  Cycles  for  Ti-6Al-2Sn-4Zr-2Mo 
Specimen  No.  10 
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dci/cln(in./cycle) 


Figure  5 1 Results  of  Surface  Crack  Measurements  on  Beta-Heat  Treated  Ti-6Al-2Sn-4Zr- 
2Mo  and  STA  Treated  Ti-6A1-4V  LCF  Test  Specimens  Plotted  in  Terms  of 
da/dN  versus  AK.  The  fatigue  crack  propagation  rates  determined  from  fracture 
mechanics  specimens  are  indicated  by  solid  lines. 

3 DISCUSSION 


The  major  aim  of  this  part  of  the  investigation  was  to  study  and  explain  the  influence  of 
relatively  small  defects  on  the  fatigue  behavior  of  alpha: beta  titanium  alloys.  Emphasis 
was  placed  on  the  modification  of  fatigue  capability  of  material  which  contains  these  flaws- 
interest  in  subsurface  fatigue  origins  having  been  triggered  by  the  experience  with  IMI  686 
noted  in  the  introduction.  As  the  evidence  for  major  contamination  at  the  fatigue  origins 
in  the  IMI  685  was  slight,  in  most  of  the  experiments  in  which  artificial  defects  were  intro- 
duced, the  concentration  of  the  contaminent  was  relatively  low.  As  illustrated  in  Figure 
40  little  or  no  indication  of  microstructural  modification  by  the  presence  of  the  contamin- 
ant could  be  observed  on  longitudinal  section  through  such  flaws.  (Obviously  from  several 
examples  cited  e.g..  Figure  7 the  presence  of  contamination  within  a flaw  on  the  fracture 
surface  could  be  readily  detected).  It  should  be  clear  therefore  that  the  experiments  did  not 
attempt  to  simulate  defects  such  as  hard  oxygen  or  nitrogen  stabilized  regions  in  which  mi- 
crostructural modification  is  readily  observed. 
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An  important  question  in  analyzing  the  influence  of  a flaw  on  fatigue  life  is  the  predictability 
of  the  behavior.  In  other  words,  if  the  cracking  characteristics  of  the  material  are  known 
(and  assuming  no  nucleation  barrier)  can  the  life  of  a specimen  be  calculated?  Direct  meas- 
urement of  cracking  rates  of  subsurface  cracks  has  proved  to  be  difficult  in  the  present  study. 

In  certain  cases  fracture  surface  features,  for  example  striations,  give  some  information  on 
local  cracking  rates  and  such  information  has  been  generated  for  specific  cases  in  this  inves- 
tigation, which  is  used  in  several  of  the  following  sections.  Another  method  would  be  to 
apply  established  crack  growth  data  to  the  case  of  subsurface  flaw.  In  most  metallic  mater- 
ials, including  the  alpha  .beta  titanium  alloys  studied  in  this  investigation,  crack  growth  laws 
shown  in  equation  ( 1 ) have  been  established. 

da/dN  = C(A  K)" (1) 

In  this  expression  the  crack  length,  a,  increases  with  the  number  of  cycles  N and  is  related 

to  the  applied  stress  range,  A a,  througli  the  stress  intensity  paramerer  A K (A  K = | 

A Aoy/  a,  where  A is  a geometrical  factor).  The  constants  C and  n are  determined  through  I 

experiments.  Integration  of  the  above  expression  between  the  limits  a^,  the  initial  flaw  | 

size,  and  a^.,  the  critical  flaw  size  for  the  onset  of  unstable  fracture,  will  give  the  number  of 

cycles  to  failure.  | 

i 

Before  proceeding  to  the  analysis  of  the  individual  specimens  the  applicability  the  fracture  j 

mechanics  methodology  outlined  above  will  be  examined  and  its  specific  assumptions  noted.  | 

1 ) A crack  is  assumed  to  form  from  a defect  in  the  first  stress  cycle  i.e.,  no  nucleation  I 

barrier  exists.  j 

1 

2)  The  crack  growth  relationships  developed  for  a specific  alloy  are  applied  to  the  case  i 

of  a contpined  subsurface  flaw.  Factors  such  as  environment,  which  are  known  to  in-  * 

fluence  crack  growth  in  alphaibeta  titanium  alloys,  are  therefore  not  the  same.  A more 

important  consideration  is  the  difference  in  conditions  between  conventional  tests  to 
generate  da/dN  information  and  those  used  for  the  specimens  in  the  present  study. 

Typically  in  fracture  mechanics  testing,  precracked  specimens  are  used  which  have  rel- 
atively long  cracks  thus  low  stresses  can  be  used.  Such  conditions  serve  to  minimize 
plasticity  effects  and  apply  to  situations  where  fracture  mechanics  methodology  is 
known  to  be  applicable.  In  the  type  of  tests  used  in  the  present  study  crack  lengths 
are  relatively  short  and  the  applied  stresses  are  high.  It  is  for  this  reason  that  the  crack 
growth  relationships  were  determined  on  the  specimens  used  in  the  present  study  in 
order  to  provide  a direct  comparison  with  more  conventional  da/dN  data. 

3)  The  critical  crack  length,  a^,,  which  defines  the  upper  integration  limit  in  the  analysis, 
is  not  equivalent  to  the  value  observed  in  a valid  Kj^  test.  If  the  measured  crack  sizes 
are  used  to  compute  stress  intensities  at  instability,  Kq  values  in  the  range  40-50  ks^n 
are  obtained. 

4)  Stress  intensity  solutions  are  functions  of  specimen  geometry  and  crack  shape.  In  the 
analysis  used  in  the  present  study  surface  cracks  are  approximated  by  a semi-circular 
crack  solution^  ^ ^ ^ and  the  penny  shape  crack  solution  of  Erdogan  and  Sih^^^  for  sub- 
surface cracks. 
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In  the  following  paragraphs  several  groups  of  experimental  results  are  discussed  with  empha- 
sis on  the  fatigue  capability,  fractographic  features  and  calculated  fatigue  lives.  Where  pos- 
sible, results  from  the  various  sections  of  the  present  work  will  be  combined  to  give  a more 
complete  summary  of  a specific  topic. 

Seeded  Flaw  Experiments  on  Ti-6A1-4V  and  Ti-6Al-2Sn-4Zr-2Mo 

The  initial  part  of  this  investigation  concentrated  on  the  alloy  Ti-6A1-4V  in  two  microstruc- 
tural  conditions.  Flaws  in  the  form  of  hardness  impressions  into  which  selected  contamin- 
ants were  introduced  were  used  to  assess  the  influence  of  defects  on  fatigue  capability.  In 
the  case  of  the  equiaxed  alpharbeta  microstructure  the  relatively  low  life  of  all  specimens 
(Table  1)  can  be  attributed  in  part  to  the  non-standard  heat  treatment  that  produces  rather 
low  strength.  In  the  case  of  the  small  indentation  size  (0.01”)  little  or  no  modification  in 
fatigue  life  was  observed.  By  increasing  the  size  to  0.03"  the  effect  of  various  contaminents 
became  obvious.  These  results  may  be  divided  into  several  groups  depending  on  both  life 
and  the  observed  fractographic  features.  The  lowest  life  specimens  which  are  those  seeded 
with  MgCl  and  hyride,  showed  fractographic  features  more  typical  of  general  embrittlement 
and  no  clear-cut  evidence  of  a typical  fatigue  crack  progression  could  be  observed.  In  the 
other  specimens  containing  seeded  impressions  subsurface  fatigue  crack  growth  from  the 
seeded  flaws  had  occurred.  One  feature  of  the  subsurface  fracture  subsurfaces,  wnich 
appears  relatively  general  in  all  the  experiments  performed  in  this  study,  was  the  cleavage- 
like abearance  and  thus  absence  of  striations  on  the  facets.  It  has  been  shown  by  Yuen 
et.  aF° ' that  for  cracks  propagating  in  an  air  environment,  striations  are  observed  if  the 
applied  cyclic  stress  intensity  is  > 14  ksiy/m.  In  the  present  study  of  subsurface  cracks  no 
striations  are  observed  at  stress  intensity  levels  as  high  as  45  ks^/ln.  Evidence  suggests  that 
this  is  an  environmental  effect  for  in  cases  where  the  crack  forms  at  the  specimen  surface, 
such  as  the  control  specimens,  striations  are  observed.  One  other  result  from  Table  1 that 
requires  comment  is  the  observation  that  the  specimen  with  the  larger  impression  (#10) 
had  a loneer  life  than  either  the  baseline  or  the  specimen  containing  the  smaller  clean  im- 
pression (#1).  This  could  be  attributed  to  the  observed  multiple  crack  initiation  in  the 
former  case  that  may  result  in  smaller  stress  intensities  at  the  cracks.  For  equiaxed  micro- 
structures the  correlation  between  crack  growth  observed  in  the  specimens  used  in  this 
study  and  da/dN  type  data  is  shown  in  Figure  51.  It  can  be  seen  that  both  types  of  data 
are  in  resonable  agreement.  Life  calculations  using  an  assumed  0.03"  flaw  diameter  yields 
an  expected  life  of  2000  cycles  which  is  of  the  correct  magnitude  to  account  for  most  of 
these  data. 

The  third  set  of  specimens  were  processed  to  give  an  acicular  beta  microstructure.  In  this 
test  series  quite  marked  effects  on  fatigue  life  were  observed  as  may  be  seen  from  Table  2. 
Fractographic  examination  showed  the  same  trends  as  those  observed  in  equiaxed  micro- 
structures; for  subsurface  crack  growth  the  overall  cleavage-like  appearance  prevailed. 

Closer  examination  of  the  individual  facets  formed  by  subsurface  crack  growth  showed  ill- 
defined  surface  features,  however,  as  soon  as  a crack  broke  through  the  specimen  surface, 
well-defined  striations  could  be  observed.  These  effects  are  illustrated  in  Figure  6.  The 
fatigue  results  may  be  divided  into  two  groups,  a group  with  a cyclic  life  of  ~ 6000  cycles 
which  includes  the  hyride,  aluminum  and  uncontaminated  flaws  and  the  second  group 
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showing  a life  of  ~ 2500  cycles  for  the  nitride  or  chloride  additions.  Again  using  a 0.03" 
diameter  flaw  the  calculated  life  (using  the  crack  growth  data  of  Yoder^*^^)  is  ~ 5000 
cycles.  This  can  be  considered  a reasonable  agreement  with  the  first  group  of  results.  In 
the  case  of  the  chloride-containing  specimens  in  the  second  group  a reaction  layer  was 
detected  around  the  hardness  impression  (Figure  7)  which  could  increase  the  effective 
size  of  the  flaw.  The  measured  increase  in  size  does  not  correlate  exactly  with  the  observed! 
decrease  in  life  however.  Nitride  additions  did  not  produce  any  observable  increase  in  the 
flaw  size  and  nitrogen  appears  to  have  a similar  effect  on  Ti-6A1-4V  as  in  IMI  685  which 
will  discussed  below. 

The  attempts  to  seed  argon  into  impressions  in  Ti-6Al-2Sn-4Zr-2Mo  were  not  successful 
and  this  can  be  seen  from  data  presented  in  (Table  3).  Even  in  the  best  specimens  quite 
large  regions  of  unbonded  area  were  still  present.  Thus  these  experiments  only  reinforce 
previous  work  on  fabrication  and  joining  of  titanium  alloys  in  that  once  argon  is  intro- 
duced it  is  diffucult  to  remove  and  results  in  very  poor  adhesion  between  surfaces.  In  the 
case  of  the  IMI  685  forging  no  evidence  of  similar  poorly  bonded  regions  was  obtained. 
Therefore  further  attempts  to  produce  argon  contaimination  were  not  made. 

The  Fatigue  Behavior  of  IMI  685 

At  the  outset  of  this  discussion,  it  should  be  emphasized  that  the  rather  large  forgings  that 
were  studied  in  this  and  other  investigations  represent  an  unusual  product  form.  The  re- 
gions of  the  forging  which  exhibited  the  very  low  fatigue  capability  had  received  a low 
degree  of  mechanical  work  and  exhibited  a very  large  beta  grain  size.  Further,  the  tendancy 
to  form  rosette  defects  appears  to  be  confined  to  forgings  produced  from  the  upper  section 
of  the  ingot  - which  may  be  construed  as  indicating  that  solidification  defect  structure  has 
contributed  to  the  rosette  phenomenon. 

The  overall  fatigue  capability  of  the  forging  studied  in  this  investigation  is  rather  complex. 
However,  if  the  results  are  combined  with  those  of  other  evaluations,  as  has  been  done  in 
Tables  5,  6 and  Figure  18,  a consistent  behavior  pattern  emerges.  We  shall  discuss  the  over- 
all phenomenology  of  the  fatigue  characteristics  of  the  forging  before  examining  the  mech- 
anisms that  may  cause  the  behavior.  The  cyclic  life  under  dwell  test  conditions  can  be  di- 
vided into  two  groups  - the  “rosette  debit”  which  seems  to  be  related  to  some  type  of  pre- 
existing defect  and  the  dwell  debit  which  appears  to  be  a general  or  bulk  effect.  In  both 
cases  the  specifics  of  crack  nucleation  and  subsequent  growth  can  be  inferred  to  be  very 
rapid  compared  to  high  frequency  testing  and  we  shall  examine  the  state  of  knowledge 
for  both  cases  below.  However  before  proceeding  to  these  specific  areas,  the  basic  problem 
with  the  rosette-type  failures  can  be  appreciated  by  examining  Table  15.  If  the  lives  of  spec- 
imens are  computed  assuming  the  presence  of  flaws  and  using  the  known  crack  growth  data 
for  IMI  685  (Curves  B and  C shown  in  Figure  35b)  lives  of  > 10^  cycles  would  be  antici- 
pated whereas  fracture  lives  of  < 10^  have  been  found.  We  shall  return  to  the  other  calcu- 
lations presented  in  this  Table  in  the  discussion  of  the  growth  characteristics  of  cracks  un- 
der dwell  conditions. 
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TABLE  15 


CALCULATED  FRACTURE  LIVES  OF  IMI  685  USING 
VARIOUS  CRACK  PROPAGATION  LAWS 
30-100  Ksi,  0.03"  DIAMETER  PENNY-SHAPED  CRACK 

Crack  Propagation  Law  Curve  B* 

Calculated  Life  (cycle)  1.75  x 10^ 

*Figure  35b 
“Figure  52b 

In  discussing  the  nucleation  event  of  a rosette  failure,  a complicating  factor  is  the  pre-expo- 
sure of  the  forging  before  analysis  was  initiated.  As  noted  in  the  results,  section  inspection 
of  the  disk  revealed  several  indications  which  were  preferentially  selected  for  the  specimen 
evaluation.  In  one  case,  in  which  an  indication  was  sectioned,  cracks  were  detected,  which 
indicates  that  at  least  in  some  cases  the  indications  can  be  interpreted  as  cracks.  The  crack- 
ing rates  that  can  be  inferred  from  the  lengths  of  these  cracks,  assuming  that  growth  occurred 
during  the  60  cycles  of  exposure,  are  ~ 5 x 10"^  inch/cycle.  These  cracking  rates  are  con- 
siderably more  rapid  than  those  measured  with  fracture  mechanics  specimens.  The  test 
performed  on  the  specimen  (#2)  cut  in  the  radial  direction  may  provide  some  additional 
information  on  initial  cracking  rates.  Although  this  specimen  showed  a very  low  life  typical 
of  rosette  behavior  only  some  of  the  more  classic  rosette  fractographic  features  were  ob- 
served compared  with  specimens  in  the  circumferential  direction.  In  one  facet  near  the  fa- 
tigue origin  in  Specimen  #2  markings  could  be  observed  which  are  illustrated  in  Figure  17. 

If  each  of  these  markings  represents  the  crack  position  after  each  cycle,  the  spacing  corres- 
pond to  a cracking  rate  of  3 x 10'^  inch/cycle  in  the  first  facet  and  9 x 10"^  inch/cycle  in 
the  second.  In  other  words,  the  crack  propagated  at  a slower  rate  in  the  second  facet.  It 
can  be  noted  that  these  rates  are  in  reasonable  agreement  with  the  rates  deduced  above. 
However,  it  should  be  noted  that  the  markings  observed  in  Specimen  #2  appear  to  be  unique, 
as  no  similar  features  have  been  observed  in  circumferentially  oriented  specimens. 

As  cracks  extend  from  the  origins  the  general  mode  of  separation  retains  a cleavage-like 
appearance.  However,  as  noted  in  the  results  section,  sporadic  patches  of  striations  are 
observed.  It  can  be  assumed  that  the  regions  of  striation  represent  growth  in  grain  or  col- 
onies not  oriented  correctly  for  the  cleavage  mode  of  cracking.  A more  important  question 
is,  can  be  striation  spacings  be  used  to  assess  the  average  growth  rates  for  the  crack  exten- 
sion during  the  rosette  formation?  There  is  no  absolute  answer  to  the  question  but  the  fact 
that  the  spacing  increases  in  a systematic  way  with  distance  from  the  crack  nucleus  indicates 
that  the  crack  grows  relatively  uniformly.  If  this  was  not  the  case,  in  that  the  cleavage  area 
formed  much  more  rapidly  than  the  striated  area,  then  we  would  anticipate  large  increases 
in  spacing  within  facets  and  a much  less  regular  progression.  The  striation  data  has  been 
collected  in  Figure  35b  in  which  the  distance  from  the  crack  origin  has  been  used  to  com- 
pute a local  A K value.  If  these  two  pieces  of  information  on  crack  nucleation  and  growth 
are  combined  Figure  52(a)  can  be  constructed  for  Specimen  #2  and  inferred  from  striation 
measurements  for  Specimen  #4.  We  can  genalize  the  behavior  pattern,  as  done  in  Figure  52 
(b).  Curve  A represents  a constant  rate  of  crack  progression  until  a more  rapid  crack  mode 
becomes  available.  Such  a “model”  is  a reasonable  representation  of  Rolls  Royce  thinking^®^ 
Curve  B represents  an  average  of  the  behavior  depicted  in  Figure  52(a). 


Curve  C*  Model  B° 

7.62x10'^  3.86  xlO^ 
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Figure  52  (a)  Crack  Growth  Behavior  Inferred  From  Striation  Observation  on  IMI  685 

Specimen  No.  2 (Curve  2E)  and  Specimen  No.  4 (Curve  4E) 

(b)  Idealized  Representations  of  Results  Shown  in  (a).  Curve  AE  represents 
an  initially  constant  rate  of  crack  propagation  until  a more  rapid  crack 
mode  (Curve  E)  becomes  available.  Curve  B represents  an  average  of 
Curves  2E  and  4E  in  (a). 

If  these  two  models  are  used  to  calculate  lives  of  LCF  specimens  the  Curves  A and  B shown 
in  Figure  53  are  obtained,  which  bound  the  rosette  results  and  also  include  some  of  the 
dwell  results  discussed  in  more  detail  below.  The  specific  values  that  result  from  Model  B 
for  a stress  level  of  30-100  ksi  are  included  in  Table  1 5 assuming  that  a crack  of  length 
0.03"  forms  very  rapidly.  Although  curves  A and  B bound  the  data  points,  both  curves  have 
a slope  much  higher  than  that  observed,  at  least  for  the  circumferentially  oriented  specimens. 
A simplistic  method  of  producing  Curve  C is  to  postulate  that  at  high  stresses  Curve  A is 
followed  while  at  lower  stresses  cracking  occurs  of  the  type  shown  in  Curve  B.  Indirect 
evidence  that  this  could  be  true  is  the  lives  of  Specimens  #2  (292  cycles)  and  #4  (1600 
cycles)  both  of  which  were  sectioned  from  adjacent  locations  in  the  same  forging.  In  the 
case  of  Specimen  #4  the  material  was  stress  relieved  during  specimen  fabrication,  if  residual 
stress  was  present  in  Specimen  #2  the  applied  stress  could  be  amplified  by  the  local  stress 
field,  thus  leading  to  a more  rapid  cracking  rate.  Rolls  Royce  have  also  postulated  that  re- 
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Maximum  Stress, Icsi 


sidual  stress  may  have  modified  the  cracking  rates  in  these  forgings  although  the  major 
effect  was  considered  to  be  on  crack  growth  under  dwell  cycle  conditions  at  high  AK  levels 
(Curves  A,  Figure  35a).  This  is  a controversial  result^ and  further  the  use  of  the  dwell 
data  at  K levels  which  exceed  the  Kq  values  obtained  in  the  specimen  tests  is  unclear. 


Cycles  lb  Failure 


Figure  53  Calculated  Fracture  Lives  as  Function  of  the  Maximum  Stresses  Assuming  an 
Initial  Penny-Shaped  Flow  of  0.03”  Diameter.  Curves  A and  B are  obtained, 
respectively,  from  Curves  AE  and  BE  shown  in  Figure  52b.  A combination  of 
Curves  A and  B results  in  Curve  C. 
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The  dwell  debit  observed  in  non-defective  material  is  defined  in  Figure  18.  A large  effect 
is  observed  at  high  stresses  but  the  results  merge  with  the  high  frequency  data  population 
at  cyclic  stresses  of  0-100  ksi.  The  fracture  morphology  of  d well-tested  specimens  dupli- 
cate the  features  of  a rosette  failure  to  a marked  degree  the  only  features  that  are  absent 
are  the  pore  and  a well  defined  “fish-eye”  region.  As  with  the  rosette  fracture,  cracks  al- 
ways originate  at  a subsurface  site. 

The  tests  designed  to  measure  cracking  rates  under  dwell  conditions,  although  unsuccessful, 
did  demonstrate  the  ease  of  subsurface  nucleation  even  when  surface  damage  had  been 
produced.  The  remarkably  rapid  crack  nucleation  under  dwell  conditions  compared  with 
those  at  high  frequency  can  be  seen  from  the  crack  monitoring  experiments.  In  these  tests 
“pinpoint”  crack  indications  were  detected  in  specimens  tested  at  1 2 cpm  between  8000 
and  24,000  cycles.  Specimens  tested  under  dwell  conditions  failed  in  between  1 00  and  800 
cycles,  thus  the  total  life  was  less  than  the  nucleation  life  in  the  fast  cyclic  rate  test.  Direct 
evidence  for  acceleration  crack  propagation  has  not  been  obtained,  the  similar  fracture  mor- 
phology indicates  that  the  rates  are  similar  to  those  in  a rosette  failure.  In  addition.  Figure 
53  includes  data  for  dwell  tests  which  are  bracketed  by  the  Curves  A and  B.  This  also  could 
be  interpreted  as  evidence  of  rapid  cracking  rates.  The  increase  in  life  under  dwell  conditions 
at  lower  cyclic  stresses  may  be  due  to  as  an  increase  in  difficulty  of  nucleating  a crack.  The 
uploading  experiments  under  dwell  conditions  were  designed  to  evaluate  the  nucleation  and 
growth  characteristics  of  cracks  under  such  conditions,  unfortunately  the  results  of  these 
tests  (listed  in  Table  10)  did  not  provide  any  additional  insight  into  the  lowest  stress  condi- 
tions for  nucleation.  In  fact,  if  it  were  assumed  that  the  cycles  at  lower  stress  levels  resulted 
in  little  or  no  damage,  the  life  values  would  be  reasonably  consistent  with  the  dwell  Curve  B 
in  Figure  18. 

The  high  frequency  testing  of  IMI  685  results  in  a fatigue  capability  shown  in  Curve  D of 
Figure  18  which  is  similar  to  that  exhibited  by  other  alpha: beta  titanium  alloys.  In  such 
tests  crack  nucleation  occurs  at  the  specimen  surface  and  subsurface  sites.  Although  a ra- 
ther faceted  fracture  surface  is  observed  (Figure  26a)  striations  are  observed  on  these  sur- 
faces, as  shown  in  Figure  26b.  Crack  growth  measurements  on  surface  nucleated  cracks, 
presented  in  Figure  35a,  showed  that  rates  were  considerably  faster  than  those  previously 
determined  on  fracture  mechanics  tests. 

The  increase  in  rate  was  about  a factor  of  five  over  the  Metcut^^^  data  and  an  order  of  mag- 
nitude with  respect  to  the  Rolls  Royce  relationship  (Curve  B,  Figure  35a).  In  fact,  the  re- 
lationahip  observed  in  the  present  testing  is  very  close  to  that  established  for  Ti-6A1-4V 
shown  in  Figure  51.  It  can  also  be  noted  that  the  further  increase  inferred  for  dwell  tests 
from  the  striation  measurements  is  only  about  a factor  of  three.  This  difference  in  using 
the  dwell  curve  and  air  relationship  in  life  calculations  may  be  seen  in  Table  15  and  is  not 
large. 

The  group  of  results  obtained  in  the  present  and  other  investigations  for  specimens  tested  as 
a fast  frequency  but  which  (probably)  contained  pre-existing  defects  show  somewhat  variable 
fatigue  results.  One  case  of  a rosette  fracture  showing  a large  life  debit  althougli  tested  un- 
der a high  frequency  (Specimen  #25)  has  been  found,  if  in  this  specimen  the  rosette  was 
present  at  the  start  of  the  test,  the  life  can  be  predicted  readily.  The  measured  radius  of  the 
“fish-eye”  in  the  specimen  was  0.023"  using  this  value  in  conjunction  with  the  growth  laws 
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labeled  E and  D in  Figures  35b  the  calculated  lives  are  490  and  1 700  cycles,  respectively. 

A life  of  890  cycles  was  observed.  This  may  indicate  that  the  growth  of  a subsurface  crack 
under  rapid  cycling  is  faster  than  a surface  crack,  a conclusion  which  is  supported  by  the 
striation  measurement,  included  in  Figure  35b,  which  lie  on  Curve  E. 

Eylon  and  Hall^^^  report  the  failure  of  a specimen  tested  at  33-1 10  ksi  at  20  cpm  (Specimen 
#1 , Table  6)  from  a small  surface  rosette.  This  data  is  plotted  in  Figure  18.  Assuming  the 
rather  small  rosette  was  present  at  the  initiation  of  testing  the  same  computational  method 
using  Curves  E and  D gives  results  of  1.3  x lO'^  and  4.1  x 10“^  cycles  which  bound  the  ac- 
tual failure  life  of  2.4  x 10“^.  This  leaves  two  other  test  results  in  which  rosettes  were  detec- 
ted on  the  fracture  surface^^^.  As  cracks  apparently  did  not  nucleate  in  these  areas  it  could 
be  postulated  that  they  were  formed  during  crack  propagation  and  therefore  did  not  modify 
life. 


The  final  group  of  results  are  for  IMI  685  specimens  with  artifically  introduced  defects. 
Fatigue  lives  obtained  from  these  specimens  given  in  Tables  12  and  13  and  plotted  in  Fig- 
ure 43  conform  reasonably  well  with  the  fatigue  capability  exhibited  by  specimens  from  the 
forging.  All  dwell  test  results  lie  between  the  rosette  debit  and  dwell  curves  while  the  liigh 
frequency  lives  are  greater  than  the  dwell  debit  but  lower  or  equal  to  the  “normal”  fatigue 
capability.  Results  from  the  first  set  of  diffusion  bonded  specimens  can  be  regarded  as 
suspect  due  to  inadequate  diffusion  bonding  and  the  results  from  the  second  and  third  sets 
are  complicated  by  the  structural  differences  noted  in  Section  11.2.c(2).  Analytically,  the 
results  of  the  nitride-seeded  flaw  tested  under  dwell  conditions  with  the  same  microsturc- 
ture  as  that  of  the  forging  (Specimen  #38)  can  be  explained  using  the  above  “model”.  The 
results  on  the  companion  specimen  containing  an  uncontaminated  impression  (Specimen 


#31)  gave  a life  equivalent  to  a non  defective  dwell  tested  specimen.  As  the  fatigue  initia- 
tion site  in  this  specimen  was  independent  of  the  seeded  impression  the  result  is  obviously 
consistent  with  the  data  on  the  forging.  The  high  frequency  test  on  a specimen  (#39)  con- 
taining a nitride  seeded  defect  resulted  in  a life  in  excess  of  the  anticipated  value.  Assum- 
ing that  a crack  initiated  at  the  bonded  defect  in  the  first  cycle  a life  2x10^  cycles  would 
have  been  projected  when  in  fact  a life  of  2 x 10^  was  observed.  One  possible  rationaliza- 
tion of  the  result  is  that  a finite  nucleation  barrier  existed  due  to  the  extended  elavated 
temperature  exposure  experienced  by  this  specimen  (diffusion  bond  cycle  plus  a double 
soluti  on  treatment  and  age  treatment).  The  results  on  the  uncontaminated  impression  may 
add  some  credence  to  this  suggestion. 


Mechanism(s) 


In  this  section  we  shall  attempt  to  combine  the  results  of  the  present  investigation,  includ- 
ing the  tests  on  artificially  defect-seeded  specimens  with  other  information  to  account  for 
the  behavior  pattern  discussed  above.  Two  theories  have  been  advanced  for  the  nucleation 
stage  of  a rosette  type  failure  which  are  critically  examined  below. 

Rolls  Royce^  * ^ assumed  that  a pore  was  derived  from  the  ingot  stage  of  production  and  that 
a rosette  represented  a poorly  bonded  area  which  split  open  very  rapidly  on  application  of 
load.  Evidence,  although  limited,  against  this  is  that  the  debit  observed  in  a direction  nor- 
mal to  plane  of  defects  is  of  the  same  magnitude.  A second  postulate  was  that  a cloud  of 


79 


interstitials  surrounded  a forging  defect  and  this  produced  a volume  of  general  embrittle- 
ment. The  results  of  local  chemical  analysis  of  a rosette  fracture  origin  did  not  show  any 
major  contamination  with  the  exception  of  a higher  nitrogen  content.  A fourfold  increase 
in  local  nitrogen  level,  over  the  bulk  content  of  0.008^^)  in  the  material,  would  seem  to  be 
insufficient  to  produce  a region  of  general  embrittlement.  On  the  other  hand  the  use  of 
nitride  as  a contaminant  did  duphcate  the  rosette  debit  in  the  seeding  experiments,  see  Fig- 
ure'43.  The  use  of  a large  hardness  impression  (0.03")  in  this  test  does  not  simulate  exactly 
the  sites  of  the  crack  initiation  in  the  IMl  685  forging. 

Eylon  and  Hall^^^  consider  that  the  presence  of  a pore  within  the  material  is  important  for 
the  nucleation  stage  of  the  process.  The  hypothesis  derives  in  part  from  work  conducted  at 
the  Aerospace  Research  Laboratory  by  the  late  J.  Robertson  and  others  on  coarse  acicular 
structure  in  Ti-6Al-2Sn-4Zr-2Mo.  The  investigation  showed  that  the  motion  of  a dislocation, 
especially  on  the  basal  plane  has  given  rise  to  narrow  slip  bands  with  very  large  displacements. 
These  slip  bands  can  develop  into  shear  cracks  which  nucleate  at  alpha ibeta  interfaces  and 
examples  are  shown  in  Figure  54.  Activation  of  the  other  important  slip  vector,  c + a,  re- 
sulted in  a far  more  uniform  dislocation  arrangement  with  little  tendancy  to  produce  large 
slip  offsets  on  a specific  slip  p'ane.  Eylon  and  Hall^^^  showed  that  similar  processes  occur 
in  IMI  685.  Further  they  considered  that  in  a colony  containing  a pore  and  oriented  for 
basal  slip  the  stress  concentration  associated  with  the  pore  would  further  concentrate  defor- 
mation leading  to  a situation  especially  favorable  for  the  formation  of  a shear  crack. 


Figure  54  Formation  of  a Shear  Crack  in  a Beta-Colony  Structure.  (Taken  from  the  un- 
published work  of  Roberson  et  al.  ARL,  1972) 
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The  fish-eye  region  would  therefore  be  equivalent  to  a colony  size,  and  Eylon  and  Hall  pro- 
duced metallographic  evidence  to  support  this  premise.  The  results  of  the  present  investi- 
gation would  also  support  the  conclusion.  Supportive  kinetic  evidence  for  Eylon  and  Hall’s 
hypothesis  is  lacking  at  the  present  time  and  could  prove  very  difficult  to  obtain.  In  the 
experiments  conducted  with  an  uncontaminated  hardness  impressions  the  life  of  one  spec- 
imen (#3 1 , Table  1 2)  was  consistent  with  the  dwell  rather  than  the  rosette  debit.  This 
could  be  taken  as  evidence  against  the  hypothesis.  However  to  simulate  the  proposed  struc- 
tural condition  exactly  is  not  a trivial  problem.  Not  only  does  a defect  have  to  be  intro- 
duced into  a correctly  oriented  grain  or  colony  but  preferential  growth  of  the  colony  or 
grain  during  diffusion  bonding  to  contain  the  flaw  has  to  occur.  In  the  case  cited  above  the 
crack  did  not  nucleate  at  the  hardness  impression  which  highlights  the  simulation  problem. 
The  above  postulates  refer  to  the  crack  nucleation  phenomenon,  the  second  part  of  the 
process  is  the  growth  of  cracks  from  such  nuclei.  If  a shear  crack  forms  in  a preferentially 
oriented  grain  or  colony  then  extension  into  surrounding  grains  should  become  more  diffi- 
cult as  these  will  have  different  (random)  orientations.  This  problem  may  be  circumvented 
if  the  material  is  textured.  However,  as  shown  in  Figure  1 2,  no  pronounced  texture  was  de- 
tected in  the  forging  studied  in  this  investigation.  The  crack  rate  would  then  be  anticipated 
to  fall  and  as  noted  in  the  previous  section  this  appears  to  occur.  However  the  crack  still 
propagates  more  rapidly  than  would  be  predicted  from  previously  established  da/dN : A K 
relationships,  an  observation  that  applies  to  both  a surface  or  subsurface  crack.  Typically 
crack  growth  data  is  obtained  here  from  precracked  specimens  with  relatively  large  notches 
and  starting  crack  lengths.  Thus  the  applied  stress  is  usually  relatively  low  in  order  to  com- 
ply with  fracture  mechanics  criteria  for  a valid  test.  On  the  other  hand  an  LCF  specimen  is 
usually  tested  under  high  stresses  in  order  to  produce  failures  in  a finite  number  of  cycles, 
in  this  situation  the  crack  lengths  are  usually  short.  In  most  cases,  this  difference  in  test 
conditions  does  not  lead  to  vastly  different  growth  rates  when  compared  on  the  basis  of 
applied  A K as  shown  in  Figure  51.  Why  then  is  IMI  685  different?  The  da/dN  versus 
A K growth  rates  established  for  IMI  685  indicate  considerably  slower  growth  rates  than 
most  titanium  alloys.  (Compare  curves  B & C in  Figure  35a  with  results  for  Ti-6A1-4V  and 
Ti-6Al-2Sn-4Zr-2Mo,  Figure  51).  The  reasons  usually  advanced  for  slower  rates  are  the  large 
beta  grain  and  colony  size  which  leads  to  profuse  crack  branching  and  discontinuities  in 
cracking.^  ^ It  is  clear  from  the  analysis  of  the  many  cracks  examined  in  this  study,  formed 
under  high  stress,  that  the  number  of  secondary  cracks  is  much  reduced  - for  example  Fig- 
ure 22  shows  no  evidence  of  multiple  cracks.  A contributing  reason  could  be  the  nature 
and  size  of  the  plastic  zone  size.  At  low  A K levels  the  calculated  plastic  zone  size  is  small 
compared  with  the  microstructural  size  of  IMI  685.  The  exact  nature  of  plasticity  at  the 
tip  of  a crack  in  this  material  has  not  been  studied  but  could  differ  from  other  alloys  in 
that  slip  can  propagate  for  large  distances,  and  relax  the  intensity  of  stresses  and  strains  near 
the  crack  tip.  In  the  LCF  specimen  case,  where  stresses  are  close  to  the  yield  strength,  this 
conceivably  may  not  be  true  and  cracking  rate  more  typical  of  a normal  titanium  alloy  with 
finer  microstructure  could  be  observed.  Such  a premise  may  be  supported  by  the  observa- 
tion that  the  crack  growth  rate  in  IMI  685  LCF  specimens  is  almost  exactly  equal  to  that 
observed  in  Ti-6A1-4V  (da/dN  and  LCF  specimens).  For  subsurface  cracks  evidence  of  yet 
faster  cracking  has  been  presented  and  we  shall  examine  below  some  processes  that  could 
contribute  to  this  phenomenon. 
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In  this  discussion,  the  distinction  between  crack  nucleation  and  growth  processes  becomes 
more  blurred  and  in  practice  the  distinction  is  not  clear  cut.  If  the  dwell  and  rosette  debits 
are  considered  manifestation  of  the  same  process,  the  only  difference  being  in  the  stress 
dependence  of  the  crack  nucleation  event  the  same  critical  questions  can  be  asked.  These 
are,  why  the  crack  is  always  formed  in  a subsurface  location  and  why  is  the  process  frequency 
dependant?  The  subsurface  nature  of  cracking  suggests  either  constrained  plastic  flow  and/ 
or  a vacuum  environment  are  important.  Hold  time  dependence  is  indicative  of  a diffusion 
controlled  process.  The  minimum  hold  time  required  appears  to  be  ~ 2 minutes  depending 
on  the  stress  conditions  as  may  be  seen  from  Figure  18.  Rolls  Royce  has  reported  that  no 
difference  in  behavior  is  noted  with  a five  minute  or  a thirty  minute  hold  time  which  in- 
dicates that  the  process  is  not  a simple  function  of  time  but  saturates  at  a hold  time  of  ~ 5 
minutes.  At  least  two  processes  can  be  suggested  that  are  perhaps  consistent  with  this  type 
of  behavior,  a creep  type  process  and  a hydrogen  embrittlement  sequence.  There  are  prob- 
lems with  either  of  these  suggested  mechanisms.  Creep-type  process  are  known  to  occur 
in  alpharbeta  type  alloys  at  ambient  temperatures^  It  has  recently  been  shown  that 
strain  is  accumulated  more  rapidly  in  the  acicular  beta  microstructure  than  in  the  equiaxed 
microstructure  in  Ti-6A1-4V^*'^)  during  cyclic  testing  under  complex  stress  conditions 
suggesting  a structural  dependence  in  the  correct  direction.  Further  it  has  been  suggested 
that  a creep-type  crack  extension  under  static  loading  can  occur  in  alpha:beta  type  alloys 
especially  under  constrained  conditions^  However,  as  in  these  tests  cracking  was  shown 
to  be  independent  of  the  external  environment  it  is  therefore  unclear  why  accelerated  growth 
in  da/dN  dwell  testing  of  IMI  685  specimens  is  not  observed  if  this  mechanism  applies. 
Hydrogen  embrittlement  of  titanium  alloys  is  also  a well  known  phenomenon  which  can 
take  many  forms.  Again  many  superficially  attractive  similarities  can  be  enumerated  between 
the  various  forms  of  hydrogen  embrittlement  as  the  dwell  and  rosette  phenomenon  in  IMI 
685.  Examples  include  the  general  fracture  topography^  frequency  dependence^ 
high  susceptibility  of  the  beta  processed  structure^  etc.  for  embrittlement  in  hydrogen 
gas.  These  examples  were  deliberately  cited  for  the  case  of  testing  in  a hydrogen  gas  en- 
vironment as  it  would  explain  the  subsurface  cracking  observation.  Diffusion  of  the  hydro- 
gen to  a crack  tip  and  embrittlement  in  that  location  should  occur  as  readily  for  an  external 
as  an  internal  crack.  Hammond^ however,  has  reported  that  a reversible  hydride  forma- 
tion occurs  in  IMI  685  foils  under  subjected  to  cyclic  stress.  These  electron  microscopy 
observations  could  lend  more  credence  to  a hydrogen  theory  but  the  exact  mechanism  re- 
mains unclear.  The  series  of  tests  performed  at  400°  F were  undertaken  to  confirm  a re- 
port that  the  rosette  debit  did  not  occur  above  > 200°  F^  ^ ^ an  observation  that  would  lend 
support  to  a hydrogen  aided  cracking  process.  As  is  clear  from  the  results  a dramatic  effect 
was  found  at  this  temperature  although  it  is  unclear  if  the  cracks  formed  from  pre-existing 
defects  or  were  independently  nucleated.  These  test  results  therefore  provide  no  definitive 
information  on  possible  hydrogen  effects.’ 

Probably  the  most  critical  objection  to  both  postulates  is  that  in  either  case  the  phenomenon 
is  general  to  most  alpha: beta  titanium  alloys.  As  discussed  below  there  is  little  evidence  that 
the  dwell  debit,  and  by  inference  the  rosette  debit,  is  found  in  any  alloy  other  than  IMI  685. 
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Comparison  With  Other  Alloy  Systems 


Two  other  types  of  tests  were  performed  in  order  to  establish  if  the  effect  found  in  IMI  685 
were  found  in  other  alloy  systems.  Those  were  the  tests  on  a Ti-6Al-2Sn-4Zr-2Mo  disk  section 
containing  a natural  defect  and  the  dwell  testing  of  the  same  alloy  and  Ti-1 1 to  establish  if 
dwell  debits  occurred  in  these  systems. 

The  cracking  observed  from  the  naturally  occurring  pore  in  a specimen  sectioned  from  a 
Ti-6Al-2Sn-4Zr-2Mo  component  showed  evidence  of  some  cleavage  like  separation  at  the  origin. 
The  bulk  of  the  fracture  surface  appeared  typical  of  a normal  LCF  failure  and  including  the 
presence  of  striated  regions.  As  the  crack  origin  was  very  near  the  surface  and  penetration 
probably  occurred  early  in  the  test  these  observations  are  not  unexpected.  The  patchy  nature 
of  the  striations  prevented  attempts  to  determine,  by  striations  counting,  the  number  of 
stress  cycles  spent  in  the  formation  of  the  cleavage  facet  at  the  origin.  However,  using  the 
crack  propagation  data  for  Ti-6Al-2Sn-4Zr-2Mo  at  room  temperature  and  an  initial  surface 
crack  size  of  0.0012"  measured  from  Figure  47a,  the  predicted  number  of  cycles  to  failure 
is  27,000.  The  measured  life  is  12,000  cycles  and  as  the  component  had  received  several 
thousand  cycles  before  the  test  the  actual  number  of  cycles  to  failure  is  greater  than  this. 
Reasonable  agreement  between  these  values  suggests  that  the  fatigue  life  of  the  defect-con- 
taining specimen  was  spent  pnmarily  in  crack  propagation  and  that  the  premature  failure  can 
be  rationalized  from  the  presence  of  the  embedded  pores  which  provided  easy  crack  nucleation 
sites. 

Dwell  tests  were  performed  on  Ti-6Al-2Sn-4Zr-2Mo  and  Ti-1 1 in  order  to  ascertain  if  debits 
similar  to  those  in  IMI  685  occurred  in  these  alloys.  If  such  effects  were  found  it  could  be 
inferred  that  rosette-type  failures  may  also  be  possible. 

Although  time  limitations  precluded  carrying  these  tests  to  completion  the  results  cited  in 
Section  11.2.C(4)  indicate  that  dwell  debits  are  much  smaller  than  in  IMI  685  and  may  not 
occur  at  all.  Once  conclusion  that  may  be  drawn,  is  that  the  alloy  IMI  685  is  unique  in  ex- 
hibiting the  dwell  and  rosette  phenomena  in  the  product  form  examined  in  this  program. 

The  difference  cannot  be  traced  simply  to  the  large  structural  size  as  a similar  microstructure 
was  produced  in  Ti-6-2-4-2  for  the  dwell  tests.  The  two  compositional  factors  that  distinguish 
IMI  685  from  most  other  alpha:beta  titanium  alloys  are  the  very  low  beta  stabilizing  element 
content  (0.5%  Mo)  and  the  relatively  high  silicon  content  (0.25%).  It  can  be  suggested  that 
perhaps  both  factors  may  influence  the  deformation  characteristics  sufficiently  to  cause  easy 
crack  formation.  The  specific  nature  of  these  changes  are  not  clear  as  narrow  slip  bands,  shear 
cracks  etc.,  can  occur  in  Ti-6-2-4-2,  and  other  titanium  alloys  with  coarse  acicular  structures. 
However,  the  width  and  perhaps  strength  of  the  beta  lamella  present  in  the  colony  structure 
are  lower  in  IMI  685,  further  the  high  silicon  content  may  provide  dislocation  pinning  sites. 
Both  factors  could  combine  to  produce  narrow  piled-up  groups  of  dislocations  in  a manner 
conducive  to  shear  crack  formation.  As  such  a process  is  in  all  probability  dynamic  and  occurs 
in  a subsurface  location  confirmation  of  such  speculation  will  be  difficult  to  obtain. 

Practical  Consideration 

There  is  evidence  that  rosette  failures  are  associated  with  inadequate  ingot  processing;  with 
an  improved  fabrication  cycle  the  effect  can  (and  has)  been  eliminated. 
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The  dwell  debit  occurs  at  high  stresses  and  it  is  doubtful  if  this  phenomenon  would  be  en- 
countered in  the  smooth  section  of  a component.  Notched  sections  could  be  of  more  concern 
as  local  stresses  could  be  high.  The  alloy  IMI  685  was  designed  as  a high  temperature  creep 
resistant  alloy  which  is  the  reason  for  the  high  silicon  content.  Beta  processing  of  this  and 
other  alloys  of  the  same  type  is  becoming  more  common  in  order  to  amplify  the  creep  prop- 
erties. With  the  advent  of  isothermal  forging  techniques  such  processing  can  be  controlled 
to  give  relatively  fine  beta  grain  sizes.  Thus  the  second  feature  of  the  forging  evaluated,  the 
very  large  beta  grain  size,  is  not  present  in  current  forged  products,  similar  grain  sizes  however, 
can  be  encountered  in  large  titanium  castings.  The  implications  of  the  low  fatigue  life  ob- 
served at  400°  F are  not  clear,  the  effect  is  obviously  related  to  large  beta  grain  size  but  the 
part  played  by  the  prior  cycling  at  ambient  temperature,  which  could  have  produced  damage, 
caimot  be  assessed.  If  an  alpha:beta  titanium  alloy  is  contemplated  for  use  with  a coarse 
acicular  structure  dwell  testing  in  the  service  temperature  regime  could  well  form  part  of  any 
data  generation  program. 

4.  Summary  and  Conclusions 


The  most  important  conclusions  of  this  part  of  the  study  are  summarized  below,  and  are  divided 
into  three  general  categories.  Fatigue  Behavior,  Fracture  Appearance  and  Analysis. 


a.  Fatigue  Behavior 


(1)  The  introduction  of  large  (0.03")  contaminated  subsurface  flaws  in  Ti-6A1-4V  re- 
duces the  fatigue  life  in  comparison  with  defect-free  specimens,  in  both  alpha:beta 
and  beta  processed  conditions.  Smaller  flaws  (0.01")  do  not  reduce  fatigue  capability 
in  Ti-6A1-4V  processed  and  heat  treated  to  give  an  equiaxed  alphaibeta  structure. 
Chloride  and  nitride  seeding  produced  the  maximum  debits  in  beta  processed  Ti-6A1-4V. 

(2)  The  fatigue  behavior  exhibited  by  specimens  sectioned  from  a large  forging  of  IMl 
685  and  tested  at  70°F  is  rather  complex.  The  forging  contained  several  sonic  indica- 
tions, which  may  indicate  defective  regions  and  in  some  cases  cracks  formed  during 
prior  cyclic  exposure.  Lives  of  specimens  can  be  divided  into  groups  depending  on 
the  presence  of  sonic  indications  and  test  frequency  as  shown  in  Figure  18. 

1 ) Specimens  tested  at  1 2 cpm  which  do  not  contain  sonic  indications  exhibit 
lives  comparable  with  other  alpha:beta  titanium  alloys. 

2)  Tests  of  non-defective  specimens  under  hold  time  conditions  ( 1 2 cph)  at  high 
stresses  show  a reduction  of  life  of  up  to  two  orders  of  magnitude.  (This 
phenomena  has  been  termed  the  dwell  debit^^^.  At  lower  stresses  the  dwell 
test  lives  tend  to  become  equal  to  high  frequency  test  values. 

3)  Specimens  containing  a sonic  indication  and  tested  under  dwell  conditions  ex- 
hibit very  low  lives  at  stresses  as  low  as  97  ksi.  The  life  reduction,  designated 
the  rosette  debit,  can  be  over  three  orders  of  magnitude  with  respect  to  lives 
of  non-defective  material  tested  at  high  frequency. 
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4)  High  frequency  testing  of  specimens  containing  defective  regions  gives  mixed 
results,  varying  from  no  reduction  in  life^^^  to  quite  large  fatigue  debits. 

(3)  Tests  at  400®F  produced  very  low  cyclic  lives  in  material  with  a large  beta  grain 
size.  Low  lives  are  apparently  dependent  on  the  presence  of  sonic  indications  but 
independent  of  frequency. 

(4)  In  all  IMI  685  specimens  tested  under  dwell  conditions  crack  nucleation  is  subsur- 
face. Even  if  small  surface  crack  nuclei  were  produced  by  high  frequency  testing, 
subsequent  low  frequency  cycling  causes  independent  subsurface  nucleation.  High 
frequency  testing  produces  either  surface  or  subsurface  nucleation. 

(5)  Specimens  of  IMI  685  into  which  (0.03")  artiflcal  flaws  are  introduced  show  fatigue 
capabUity  that  depends  on  heat  treatment  and  frequency.  Dwell  testing  of  specimens, 
with  the  same  acicular  colony  microstructure  as  the  forging,  show  lives  equivalent 

to  the  rosette  debit  curve  with  nitrogen  seeding  and  the  dwell  debit  curve  in  the 
case  of  a uncontaminated  defect.  Dwell  tests  on  seeded  specimens  with  a mixed 
colony  and  Widmanstatten  structure  result  in  lives  between  these  extremes.  High 
frequency  testing  produces  results  that  lie  between  the  dwell  debit  curve  and  the 
high  frequency  curve. 

(6)  Based  on  limited  testing  the  dwell  debit  in  Ti-6-2-4-2  or  Ti-1 1 with  acicular  micro- 
structures  is  of  a lower  magnitude  than  that  observed  in  IMI  685  or  does  not  occur. 

b.  Fracture  Appearance 

( 1 ) In  all  specimens  tested  in  which  subsurface  crack  nucleation  and  growth  occurred 
the  fracture  surface  have  a general  cleavage-like  appearance.  The  individual  facets 
exhibit  rather  varied  structures  ranging  from  areas  of  striations  to  virtually  feature- 
less regions.  Cracks  that  nucleated  on  the  surface,  or  subsurface  cracks  that  break 
through  the  surface,  exhibit  more  “typical”  fatigue  surfaces  in  which  extensive 
regions  of  striations  can  be  observed. 

(2)  The  IMI  685  fracture  surfaces  could  be  related  to  the  fatigue  life  exhibited  by  the 
specimen  as  follows: 

1)  Specimens  sectioned  in  the  circumferential  direction  which  contained  a sonic 
indication  exhibit  rosette  type  failures.  Fracture  initiates  at  a small  pore  and 
is  surrounded  by  a very  flat  cleavage-like  facet  which  contained  linear  markings 
which  can  be  correlated  with  the  positions  of  alpha;beta  interfaces.  The  size 
of  this  first  facet  is  equivalent  to  the  colony  size.  Continued  growth  also  oc- 
curred in  a cleavage  mode  although  the  cleavage  facets  are  somewhat  rougher 
and  occasional  regions  of  striations  are  observed.  Again  the  cleavage  facet 
size  can  be  correlated  with  the  colony  size.  A specimen  tested  in  the  radial 
direction  exhibited  the  same  fracture  topography  with  the  exception  of  the 
pore  at  the  crack  origin. 
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2)  Dwell-tested  specimens  that  contain  no  sonic  indications  exhibit  many  of  the 
fracture  features  of  the  rosette-type  failures  with  the  exception  of  the  central 
pore.  Further,  the  nucleation  (first)  cleavage  facet  is  less  well  defined. 

3)  Specimen  tested  at  high  frequency  also  show  a faceted  appearance  at  low 
magnification  although  the  facet  size  is  usually  smaller  than  in  the  above 
cases,  and  have  a rougher  topography.  At  higher  magnification  striations  are 
observed,  if  the  crack  growth  occurred  in  air. 

4)  The  specimens  tested  at  400°  F under  dwell  condition  and  with  a large  beta 
grain  size  exhibit  large  featureless  cleavage  facets.  The  facet  size  is  equivalent 
to  the  beta  grain  size. 

5)  Specimens  with  seeded  flaws  exhibit  the  same  fracture  features  an  monolithic 
specimen  sectioned  from  the  forging,  with  the  exception  of  the  crack  nuclea- 
tion site.  Thus  dwell  testing  resulted  in  well  defined  cleavage  appearance  while 
high  frequency  testing  gives  a rougher  topography.  Specimens  tested  at  high 
frequency  in  which  the  fracture  origin  was  subsurface  did  not  show  striations. 

Analysis 

(1)  The  growth  of  cracks  from  subsurface  origins  in  Ti-6A14V  and  Ti-6Al-2Sn-4Zr-2Mo 
appear  to  follow  the  establish  growth  laws  determined  by  fracture  mechanics  method- 
ology. Surface  cracks  in  smooth  LCF  specimens  tested  at  high  stress  rates  grow  at 
rates  compatible  with  these  laws. 

(2)  Chemical  analysis  of  rosette  origins  in  IMI  685  indicates  that  the  only  compositional 
anomaly  is  a higher  nitrogen  content.  The  seeding  experiments  on  both  Ti-6A1-4V 
and  IMI  685  also  indicate  that  local  nitrogen  contamination  can  produce  marked 
degradation  of  fatigue  properties. 

(3)  The  very  low  lives  exhibited  by  IMI  685  tested  under  dwell  conditions  appear  to 

be  related  to  extremely  easy  subsurface  crack  nucleation.  A completely  satisfactory 
explanation  of  all  structural  and  kinetic  features  of  the  crack  nucleation  process 
cannot  be  given. 

(4)  The  crack  growth  rates  observed  in  small  specimens  of  IMI  685  tested  under  high 
stresses  do  not  follow  the  growth  laws  for  the  material  established  in  fracture  mech- 
anics tests.  Surface-nucleated  cracks  formed  in  high  frequency  tests  grow  at  rates 
up  to  five  times  faster  compared  with  the  fracture  mechanics  data.  More  indirect 
evidence  indicates  that  subsurface  cracks  grow  at  yet  faster  rates. 

(5)  By  combining  information  from  several  sources,  including  the  fractographic  results, 
a phemonenological  model  can  be  constructed  which  is  consistent  with  the  observed 
fatigue  lives  of  dwell  tested  IMI  685. 


Ill  BETA  - FLECK  DEFECTS 


1 . Introduction 

Another  defect  which  has  recently  caused  concern  in  Ti-6A1-4V  is  related  to  the  segregation 
of  solute  elements  which  form  the  localized  areas  known  as  beta-flecks.  Previous  experience 
with  such  regions  has  shown  that  they  are  rich  in  beta  stabilizing  elements  and  lean  in  alpha 
stabilizing  elements.  This  chemical  heterogeneity  results  in  different  transus  temperatures 
for  different  regions  within  a material  and,  on  heating  or  forging  at  temperatures  slightly  be- 
low the  normal  beta  transus  temperature,  regions  of  acicular  microstructure  are  formed.  Ex- 
perience with  such  defects  has  been  chiefly  in  alloys  containing  finite  quantities  of  beta- 
eutectoid  elements  such  as  the  alloys  Ti-6Al-6V-2Sn  (Fe,  Cu),  and  beta  alloys  containing  Cr, 
e.g.,  Ti-13V-l  lCr-3Al,  etc.,  although  not  unknown  in  the  more  common  alpha:beta  alloys, 
such  as  Ti-6A1-4V.  The  defects  usually  occur  on  a macroscopic  scale  and  are  often  accom- 
panied by  alpha  segregation  in  other  locations.  Such  large  scale  regions  are  generally  readily 
detected  by  standard  NDI  practices  so  that  suspect  material  or  components  can  be  rejected. 
Potential  problems  can  arise  when  flecks  occur  on  a smaller  scale  as  discussed  below. 

Only  limited  mechanical  property  data  are  available  due  to  the  scarcity  of  material  with 
beta-flecks  and  the  difficulty  specimens  containing  beta-flecks  in  gage  sections.  However,  in 
LCF  testing  of  Ti-6A1-4V  by  Wyman-Gordon  Company  two  of  a group  of  five  specimens 
were  found  to  contain  beta-flecks.  These  two  specimens  exhibited  a severe  debit  in  LCF 
capability  with  respect  to  the  other  three  specimens  with  a normal  alpharbeta  structure.  The 
data  showed  that  the  flecked  group  had  essentially  life  when  compared  with  beta  forged 
specimens.  Considerably  more  data  defining  the  effect  of  beta-flecks  on  the  mechanical 
properties  of  the  Ti-6Al-6V-2Sn  (Ti-662)  alloy  are  available  from  other  sources. ^ ^ ^ 

Based  on  existing  data,  it  appears  that  the  presence  of  beta-flecks  does  not  have  a great 
effect  on  tensile  properties  but  has  a fairly  strong  detrimental  effect  on  LCF  life.  Forging 
low  in  the  alpha.beta  range,  which  essentially  conceals  the  flecks,  does  not  completely  elim- 
inate the  LCF  debit  indicating  that  the  mere  presence  of  the  chemically  segregated  areas 
may  have  adverse  effects.^^®^ 

More  recently,  there  has  been  some  concern  over  the  occurrence  of  small  scale  beta-flecks 
in  the  alloy  Ti-6Al-4V.The  concern  stems  from  one  series  of  tests  which  indicated  fatigue 
debits  of  up  to  two  orders  of  magnitude  in  such  flecked  material. However,  there  is 
some  question  about  the  specifics  of  the  test  methods  used  in  this  study  and  there  is  a suspi- 
cion that  overloads  in  the  initial  part  of  a test  may  have  resulted  in  these  large  fatigue  debits. 

It  is  clear  that  large  scale  beta-fleck  regions  are  relatively  easily  detected  using  standard 
NDI  inspection  techniques  that  such  flecked  material  can  be  subsequently  withdrawn  from 
any  manufacturing  cycle.  However,  small  scale  beta-flecks  can  only  be  detected  by  more 
sophisticated  and  detailed  macro-  and  microscturcural  examination.  The  study  of  such 
small  scale  beta-flecks  constitutes  the  second  part  of  this  investigation.  The  major  objec- 
tive of  this  study  is  to  obtain  a detailed  insight  into  the  effect  of  such  regions  on  properties, 
especially  for  the  fatigue  behavior. 
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2.  Experimental  Methods  and  Results 

a.  Characterization  of  Ti-6AJ-4V  Containing  Beta-Fleck  Defects 

( 1 ) Materials 

Ti-6A1-4V  alloy  from  two  different  sources  have  been  used  in  this  study.  A 9"  diameter, 

12"  long  bar  which  has  been  determined  to  contain  beta-fleck  defects  was  procured  from 
the  Titanium  Metal  Corporation  of  America  (TMCA).  The  bar  was  obtained  from  a 15" 
square  billet  section  by  a four-stage  operation  at  1 750®?  with  reheating  after  each  forging 
stage.  This  material  will  be  referred  to  as  billet  material.  The  bar  was  sectioned  longitudinally 
into  two  halves.  A longitudinal  slice  from  the  center  of  one  half  was  prepared  for  micro- 
structural,  chemistry,  microhardness  and  heat  treatment  studies.  Transverse  slices  were  cut 
from  the  longitudinal  halves  and  given  a solution  treatment  of  1750° F for  1 hour  followed 
by  water  quenching  (WQ),  except  as  noted  in  Table  26,  and  then  aged  at  1300°F  for  2 hours 
followed  by  air  cooling.  The  majority  of  the  data  in  this  report  have  been  obtained  using 
the  billet  material. 

The  macro-  and  microstructural  characteristic  of  the  longitudinal  mid-section  of  the  Ti-6A1- 
4V  billet  in  the  as-received  condition  is  illustrated  in  Figure  55.  The  macrostructure  consists 
of  a core  region  of  varying  diameter  (approximately  2-1/2”),  within  which  structure  coarser 
than  the  surrounding  envelope  is  evident.  The  microstructure  consists  of  varying  amounts 
of  primary  alpha  particles  distributed  heterogeneously  in  a matrix  of  an  acicular  mixture  of 
the  alpha  and  beta  phases.  The  microstructural  variation  is  primarily  along  the  radial  direc- 
tion of  the  bar  and  it  will  be  described  in  detail  in  the  next  section. 

Beta-flecked  material  obtained  from  a second  source  was  in  the  form  of  a pancake  forging. 

The  material  had  been  alpha: beta  forged  and  given  the  same  heat  treatment  as  that  of  the 
billet  material  except  that  air  cooling  was  used  following  the  solution  treatment. 

The  macro-  and  microstructural  characteristic  of  the  Ti-6A1-4V  pancake  forging  is  shown  in 
Figure  56.  The  beta-fleck  defects  are  distributed  primarily  in  the  center  region  and  defined 
by  the  plastic  flow  pattern  of  the  forging.  Table  16  shows  a comparison  of  the  metallurgi- 
cal parameters  for  the  Ti-6A1-4V  billet  and  forging. 

(2)  Microstructure 

Characterization  of  beta-fleck  defects  involves  a description  of  the  distribution  of  the  de- 
fect, its  volume  fraction  and  severity.  The  latter  is  measured  by  the  relative  amounts  of  pri- 
mary alpha  particles  (particle  densities)  in  the  defect  and  in  the  local  microstructure.  The 
most  severe  defect  would  be  one  completely  devoid  of  primary  alpha  particles  which  is  often 
referred  to  as  a “nudie”.  Since  a beta-fleck  defect  is  microstructurally  indistinguishable 
from  the  transformed  beta-matrix  in  an  alpha:beta  forged  material,  it  is  recognizable  only 
when  it  reaches  a certain  size.  Therefore  a quantitative  description  of  a beta-fleck  defect 
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Figure  56  The  Macrostructure  and  Microstructure  of  the  Ti-6A1-4V  Forging  (P&WA  Ma- 
terial) After  a Heat  Treatment  of  1750F/1  hour  AC  + 1300F/2  hours  AC. 


TABLE  16 


Ti-6A14V 

METALLURGICAL  PARAMETERS 


Parameters 

Normal 

Billet 

/3-Fleck 

Forging 

Normal 

^-Fleck 

Primary  a 

Particle  Size  (mm) 

0.017 

0.019 

0.015 

0.017 

Secondary  (3 

Grain  Size  (mm) 

0.07 

* 

0.02 

0.05 

Priori 

Grain  Size  (mm) 

0.4 

0.9 

* 

0.2 

*not  obvious  in  the  microstructure 

involves  definitions  of  both  the  minimum  difference  in  primary  alpha  particle  densities 
between  the  region  considered  and  its  local  microstructure  and  the  minimum  area  of  the 
region  above  which  it  can  be  described  as  a beta-fleck  defect.  These  definitions  are  neces- 
sarily arbitrary.  The  definitions  of  a beta-fleck  defect  in  the  present  work  are  as  follows: 

1 ) TTie  primary  alpha  particle  density,  d^  is  50%  less  than  that  of  the  bulk  microstructure, 
d^.  Such  a region  is  called  type  A fleck.  If  d^,  < 0.2  d„,  then  the  beta-fleck  is  called 
type  B. 

2)  The  primary  alpha  particle-deficient  region  must  have  an  area  > 25 1^,  where  T is  the 
average  spacing  of  the  primary  alpha  particle  in  the  local  microstructuie. 

Lineal  analysis  was  performed  to  determine  the  average  primary  alpha  particle  densities, 
spacings  and  the  beta-fleck  volume  fractions  at  various  locations  in  the  Ti-6A1-4V  billet. 
These  measurements  were  made  on  the  billet  in  as-received  conditions. 

Quantitative  metallographic  results  on  the  billet  are  given  in  Table  1 7.  The  volume  fraction 
of  primary  alpha  is  the  highest  near  the  surface,  decreases  to  a minimum  near  the  half  ra- 
dius location,  and  then  increases  toward  the  center.  The  beta-fleck  volume  fraction  is  zero 
near  the  surface,  highest  near  the  half-radius  location,  and  then  decreases  slightly  toward 
the  center.  However,  the  beta-fleck  is  more  severe  near  the  center  where  1 7%  of  the  total 
beta-fleck  volume  fraction  is  of  B type.  No  type  B beta-fleck  has  been  found  at  the  half- 
radius location.  Quantitative  metallographic  results  of  a center  sample  at  a normal  location 
and  a type  B “nudie”  location  is  given  in  Table  18. 


Vickers  microhardness  measurements  were  used  to  ascertain  the  possible  strength  variation 
on  regions  containing  beta-fleck  defects.  Further,  to  study  the  possible  load  dependence  of 
the  microhardness,  loads  of  50g  (grams),  lOOg  and  200g  were  used.  Using  a 50g  load,  the 
size  of  the  hardness  Indentations  is  about  the  same  as  that  of  the  primary  alpha  particle. 
Indentations  were  made  randomly  in  locations  with  the  normal  microstructure  and  in  the 
beta-fleck  locations  where  the  densities  of  primary  alpha  were  the  lowest. 


TABLE  17 


QUANTITATIVE  METALLOGRAPHIC  RESULTS  OF  THE 
Ti-6A1-4V  BILLET  IN  THE  AS-RECEIVED  CONDITION 


Average  Primary  Alpha  Data  Total 


Location 

Particle 

Size  (fim' 

Spacing 

(jam) 

Volume 

Fraction 

(Types  A & B)  ^-Fleck 
Volume  Fraction 

Surface 

16.7 

34 

0.190 

0 

Half-Radius 

17.5 

52 

0.116 

0.115 

Center 

19.2 

45 

0.144 

0.085 

TABLE  18 

QUANTITATIVE  METALLOGRAPHIC  RESULTS  OF  Ti-6A1-4V 
BILLET  CENTER  IN  THE  AS-RECEIVED  CONDITION 


Volume  Fraction 

Location 

Primary  a 

a Platelet 

/3  Platelet 

Normal 

0.144 

0.690 

0.166 

B Type  'Nudie' 

0 

0.863 

0.137 

The  results  of  the  microhardness  measurements  are  given  in  Tables  19.  The  Vickers  Hardness 
Number  (VHN)  is  almost  independent  of  the  load  used  (50g  to  200g);  the  tabulated  data 
were  obtained  using  a load  of  lOOg.  There  are  no  significant  variations  between  the  VHN 
at  the  normal  structure  and  the  beta-fleck  structure.  The  magnitude  of  the  variations  is 
about  the  same  as  that  among  the  normal  microstructures  between  the  surface,  half  radius 
and  the  center  regions. 

TABLE  19 

MICROHARDNESS  OF  Ti-6A1-4V  BILLET 
IN  THE  AS-RECEIVED  CONDITION 

VHN 

Normal  Structure  ^Fleck  Structure 


Location 

No.  of  Indentations 

Average 

No.  of  Indentations 

Average 

Surface 

9 

329 

None 

Half-Radius 

9 

353 

2 

379 

Center 

9 

335 

6 

322 

92 


(3)  Chemical  Analysis 


To  correlate  the  microstructural  variation  to  the  possible  chemical  segregation  of  the  alpha 
stabilizers  (AI,  O,  C and  N)  and  the  beta  stabilizers  (V,  Fe  and  H),  samples  were  taken  from 
the  billet  material  at  locations  near  the  surface,  half-radius  and  center.  Chemical  analysis 
was  performed  by  electron  microprobe  and  by  conventional  chemistry  techniques  to  estab- 
lish the  extent  of  the  partitioning  of  elements  between  the  primary  alpha,  the  acicular  alpha 
in  the  normal  and  the  beta-flecked  regions  and  for  the  segregation  of  elements  between  the 
center  and  the  surface  locations.  The  average  (alpha-beta)  compositions  of  a center  sample 
at  a normal  location  and  a beta-flecked  location  were  determined  by  microprobe  techniques 
using  a defocused  beam  size  of  about  100  ixm  diameter. 

Compositions  of  the  alpha  phase  are  summarized  in  Table  20.  The  microprobe  results  show 
that,  for  a given  location,  the  Al  contents  are  the  highest  in  the  primary  alpha  and  the  lowest 
in  the  acicular  alpha  in  the  beta-flecked  location;  the  reverse  is  true  for  V.  However,  the  dif- 
ferences in  Al  and  V contents  among  the  acicular  phase  at  different  locations  are  small.  Fe 
was  not  detected  in  the  primary  alpha  or  in  the  acicular  alpha  at  either  the  normal  or  the 
beta-flecked  locations;  the  element  was  found  in  the  beta  phase. 

Because  of  the  fineness  of  the  beta  phase,  its  compositions  could  only  be  determined  reliably 
after  a selective  electrochemical  dissolution  of  the  alpha  phase.  The  electrolyte  used  consis- 
ted of  1 liter  methanol,  3 g succinic  acid  and  3 ml  concentrated  sulfuric  acid  and  used  at  a 
current  density  of  about  50  milli-ampere  per  cm^  and  at  a temperature  of  40-50°F. 


TABU'  20 

COMPOSITIONS  (WT.  PERCENT)  OF  THE  ALPHA  PHASE  IN  THE  Ti-6A1-4V 
BILLET  IN  THE  AS-RECEIVED  CONDITION 

Avg.  Surface  Half  Radius  Center 

Chcm.  Normal  Micros.  Normal  Micros.  Fleck  Norma!  Micros. /J-FIeck 


Element 

From 

TMCA 

Primary 

or 

Acic. 

a 

Avg.  Chem. 
a + ^ 

Primary 

or 

Acic. 

a 

Acic. 

a 

Primary 

o 

Acic. 

a 

Acic. 

or 

Avg.  Chem. 
a + ^ 

Al 

6.40 

7.77 

7.38 

6.40 

7.80 

7.67 

7.47 

7.73 

7.40 

7.37 

6.S0 

v 

4.20 

2.17 

2.88 

4.18 

2.20 

2.63 

2.80 

2.20 

2.63 

2.93 

4.35 

Fe 

0.13 

ND 

ND 

0.10 

ND 

ND 

ND 

ND 

ND 

ND 

0.16 

O 

0.173 

-- 

-- 

0.170 

-- 

0.150 

C 

0.022 

-- 

0.008 

0.010 

N 

0.016 

-- 

0.011 

-- 

-- 

0.008 

H 

0.002 



— 

0.007 

-- 

0.004 

ND  ® Not  detected 
— B No  determination  made 


The  morphologies  of  the  beta  phase  in  a center  sample  at  a beta-flecked  location  and  at  a 
normal  location  are  shown  in  Figure  57a  and  b,  respectively.  The  concentrations  of  Al,  V and 
Fe  in  the  beta  phase  at  a beta-flecked  location  were  determined  to  be,  respectively,  0.5,  1.25 
and  1.5  times  those  at  the  normal  location.  From  these  relative  concentrations  and  the  quan- 
titative metaUographic  results,  the  compositions  of  the  beta  phase  and  the  average  (alpha  + 
beta)  compositions  at  these  two  locations  in  the  center  sample  were  calculated.  The  results 
are  summarized  in  Table  2 1 . 

A center  sample  was  also  studied  by  secondary  ion  mass  spectrometry  technique.  Mass  spec- 
tra were  obtained  at  a beta-flecked  band  at  a normal  area  using  either  ions  or  ions 
after  a sputtering  of  1 5 to  30  minutes.  The  reduction  and  therefore  interpretation  of  the  data 
are  subject  to  the  same  limitations  described  previously  in  the  cleavage  rosette  studies.  To 
determine  the  spatial  distribution,  secondary  ion  images  of  V,  Fe,  O,  N.  C and  H were  also 
taken  at  the  normal  and  beta-flecked  areas. 

The  compositions  that  were  measured  after  sputtering  for  15-30  minutes  are  given  in  Table 
22.  The  segregation  pattern  of  the  alpha  stabilizing  and  beta  stabilizing  elements  in  the  nor- 
mal and  beta-flecked  regions  is  not  clear  using  this  technique.  The  beta-flecked  region  con- 
tains a higher  concentration  of  beta  stabihzing  Fe  and  a lower  concentration  of  alpha  stabi- 
lizing C.  On  the  other  hand,  the  normal  region  contains  higher  concentrations  of  H and  Cr 
both  of  which  are  beta  stabilizers.  The  other  elements  present  appear  to  be  due  to  residual 
contamination.  Selected  secondary  ion  images  are  shown  in  Figure  58.  In  Figure  58a  and  b 
the  hght  areas  correspond  to  the  beta  phase  while  the  dark  area  corresponds  to  the  alpha 
phase.  It  appears  from  Figure  4b  that  the  change  in  V concentrations  between  alpha  and  beta 
phases  is  a gradual  one.  Similar  observations  can  be  made  on  Fe  (Figure  58c). 

The  bulk  chemistry  (Table  20)  shows  that  there  is  a significant  difference  in  the  Fe  contents 
between  the  surface  and  the  center  locations,  which  are,  respectively,  0. 10  and  0. 16%.  This 
result  has  been  verified  by  microprobe  technique  using  a defocused  electron  beam  of  100pm 
diameter.  A difference  in  the  average  Fe  content  between  a beta-flecked  location  and  a nor- 
mal location  in  the  center  sample  was  not  detected  by  this  microprobe  technique. 

The  interstitials  (O,  C,  N and  H),  which  cannot  be  adequately  measured  in  the  microprobe, 
were  analyzed  by  conventional  chemistry  techniques.  The  results  indicate  that  the  alpha  stabi- 
lizers, O and  N,  and  the  beta  stabilizer,  H,  are  higher  near  the  surface  than  the  center.  The 
center  contains  a higher  C which  is  an  alpha  stabilizer. 

(4)  Thermo-mechanical  Processing/Heat  Treatment  Studies 

In  a conventional  forging  operation,  the  surface  of  a bar  would  experience  a larger  amount  of 
deformation  at  a lower  temperature  than  the  center  of  the  bar.  To  examine  the  possible  con- 
tribution of  this  temperature  and  deformation  gradient  to  the  microstructural  variation  ob- 
served (Figures  55  and  56),  and  to  investigate  the  potential  variation  of  the  heat  treatment 
response,  the  microstructural  changes  of  the  surface  and  center  samples  were  studied  after 
the  following  thermomechanical  treatment; 

1 ) Exposure  for  1 hour  at  temperatures  of  1 750'’F,  1 780°F,  1 8 1 0°F  and  1 830°F. 

2)  Isothermal  forging  of  a center  sample  at  1675°F  to  a strain  of  130%  followed  by 
exposure  for  1 hour  at  1780°F. 
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Figure  57  Scanning  Electron  Microgiaphs  Showing  the  Morphologies  of  the  Beta-Phase  in 
the  Center  of  the  Ti-6AI-4V  Bar  at  (a)  a Beta-Fleck  Location  and  (b)  a Normal 
Location 


TABLE  21 


COMPOSITION  (w/o)  OF  THE  BETA-PHASE  IN  THE  BILLET  CENTER 
IN  THE  AS-RECEIVED  CONDITION 


^Fleck  Location 

Normal  Location 

Bulk 

6-Phase 

Average 

6-Phase 

Average 

A1 

6.50 

0.90 

6.46 

1.80 

6.51 

V 

4.35 

14.90 

4.57 

11.90 

4.10 

Fe 

0.16 

1.42 

0.20 

0.95 

0.16 

TABLE  22 

SECONDARY  ION  MICROPROBE  RESULTS 
Ti-6A1-4V  BILLET  CENTER 
(ppma) 

Normal  Beta-flecked 

Element  Region  Region 


B 

44 

21 

C 

456 

377 

Na 

63 

261 

Mg 

861 

895 

K 

9 

12 

Ca 

52 

46 

Cr 

61 

50 

Fe 

1200 

1300 

H (relative  ion 

.0037 

.0036 

intensities) 
Ti  = 1 .0 
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Figure  58  (a)  5 I V Image  of  a Normal  Area 

(b)  5 I V Image  of  a Beta-Flecked  Area 

(c)  56  Fe  Image  of  a Beta-Flecked  Area 
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The  temperature  control  in  all  the  experiments  was  IS^F.  The  forging  was  performed  in  an 
Instron  Machine  and  boron  nitride  was  used  as  a lubricant. 

The  results  of  heat  treatment  of  the  surface  and  the  center  samples  for  one  hour  at  tempera- 
tures of  nSO^F,  ITSO^F,  1810°F  and  1830°F  are  given  in  Table  23.  As  expected,  the  pri- 
mary alpha  volume  fraction  decreases  with  increasing  temperature.  In  the  surface  samples 
the  decrease  in  primary  alpha  particle  density  occurred  rather  uniformly  throughout  the  en- 
tire specimen.  Thus,  no  beta-fleck  defects  were  produced.  At  1830°F  there  were  2%  primary 
alpha  particles  left  in  the  surface  sample  while  all  the  primary  alpha  particles  had  solutioned 
in  the  center  sample.  The  beta  transus  of  the  surface  sample  was  determined  to  be  1835°F. 
The  prior  beta  grain  sizes  which  should  not  be  changed  by  the  sub-transus  heat  treatment, 
were  0.4  mm  and  0.9  mm  in  the  surface  and  the  center  of  the  Ti-6A1-4V  bar,  respectively. 

The  secondary  beta  grains  which  form  as  a result  of  polygonization  and  recrystallization 
occurring  between  the  primary  alpha  particles^^^)  were  rarely  observed  in  the  center  samples, 
suggesting  perhaps,  the  lack  of  sufficient  amounts  of  mechanical  working  in  the  center  region 
of  the  bar.  Even  in  the  surface  samples,  the  detection  of  the  secondary  beta  grains  was  rather 
difficult  because  of  the  absence  of  a distinct  layer  of  alpha  outlining  their  boundaries.  The 
secondary  beta  grain  sizes  in  the  surface  samples  were  estimated  to  be  0.07  mm  and  0.12mm 
after  one  hour  at  1750  F and  1810°F,  respectively.  The  microstructure  of  the  center  sample 
after  isothermally  forged  at  1 675°  F to  a strain  of  130%  is  shown  in  Figure  59a.  This  micro- 
structure appears  to  be  typical  of  alpha:  beta  worked  material.  The  beta-fleck  defects  that  were 
present  before  forging  could  not  be  distinguished.  The  corresponding  microstructure  after 
one  hour  at  1 780  F is  shown  in  Figure  59b.  The  apparently  normal  microstructure  has  re- 
verted to  the  beta-flecked  structure  after  this  treatment.  Furthermore,  the  presence  of  the 
secondary  beta  grain  after  the  heat  treatment  becomes  obvious,  especially  when  observed 
at  higher  magnification,  indicating  the  important  role  of  plastic  working  on  the  formation 
of  the  secondary  beta  grains. 


TABLE  23 

METALLURGICAL  PARAMETERS  OF  Ti-6A1-4V  BILLET  AFTER 
ONE  HOUR  AT  VARIOUS  TEMPERATURES 


1750°F 

1780°F 

1810°F 

1830°F 

a v/o 

SBG  PBG 

a v/o 

SBG  PBG 

a v/o 

SBG 

PBG 

a v/o 

SBG  PBG 

Surface 

19.0 

0.07  0.4 

13.5 

--  0.4 

9.3 

0.12 

0.4 

2.0 

--  0.5 

Center 

14.4 

--  0.9 

10.1 

--  0.9 

6.0 

_ 

0.9 

0.0 

--  1.1 

a v/o 

SBG 

PBG 


Primary  a volume  fraction 
Secondary  P grain  size  (mm) 
Prior  0 grain  size  (mm) 

Not  observed 
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a b 

Figure  59  The  Microstructure  of  a Center  Specimen  Isothermally  Forged  at  1675®F  to  a 
Strain  of  130%.  (a)  before  and  (b)  after  heat  treatment  for  one  hour  at  1 780°F. 


b.  Mechanical  Properties  Characterization 

Specimens  for  tensile,  stress-controlled  and  strain-controlled  LCF  tests  were  machined  from 
the  billet  material.  These  specimens  were  machined  from  the  center  (beta-flecked)  and  near 
the  surface  (normal  equiaxed  alpha: beta)  of  the  transverse  slices  where  the  microstructures 
showed  the  largest  variation.  The  orientation  of  the  specimens  relative  to  that  of  the  bar  and 
their  dimensions  are  shown  in  Figure  60. 

( 1 ) Tensile  Properties 

The  tensile  specimens  (Figure  60d)  were  tested  at  room  temperature  in  the  as-machined  surface 
condition.  The  results  are  presented  in  Table  24  from  which  it  can  be  seen  that  the  main  dif- 
ference between  specimens  with  and  without  beta-fleck  defects  is  in  the  tensile  ductility.  The 
former  have  slightly  lower  ductility  than  the  latter. 
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e 

Figure  60  Orientations  of  the  Half  Bolt  Hole  Specimens  (a)  and  Tensile  and  LCF  Speci- 
I mens  (c)  relative  to  the  transverse  slices  cut  from  the  longitudinal  halves  of  a 

Ti-6A1-4V  bar.  The  dimensions  of  these  specimens  are  given  in  (b),  (d)  and  (e), 
I respectively. 

I 

I 

; 100 
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TABLE  24 


RESULTS  OF  TENSILE  TESTING 
Ti-6A14V  Billet 


Specimen 

No. 

Micro- 

Structure 

0.2%  YS 
(Ksi) 

U.T.S. 

(Ksi) 

% 

Elong. 

% 

RA 

Elastic 
Modulus 
( 1 0^  psi) 

F-10 

Normal 

143.7 

154.2 

16.0 

30.3 

G-10 

Normal 

141.4 

149.1 

18.0 

42.2 

17.0 

F.7 

^Fleck 

141.0 

147.9 

13.6 

27.4 

17.4 

F-7-1 

jJ-Fleck 

- 

148.9 

14.6 

26.4 

17.1 

— Recorder  Malfunction 

(2)  Strain-Controlled  LCF  Properties 

Two  types  of  specimens  were  used  to  evaluate  LCF  properties  in  strain-controlled  tests,  a 
notch-type  and  a smooth-type.  Specimens  which  contain  semi-circular  notches  (K^  = 2)  in 
the  gage  sections,  half  bolt  hole  specimens,  shown  in  Figure  60b  were  chosen  since  they  pro- 
vide the  maximum  volume  of  test  material  and  therefore  circumvent  the  material  sampling 
problem  usually  associated  with  specimens  such  as  notched  round  bar  or  bolt  hole  type. 

This  specimen  also  simulate  the  local  stresses  as  encountered  in  notched  details  of  fan  and 
compressor  disks.  For  smooth-type  tests,  a miniature  version  of  the  Krouse  specimen  (mini- 
Krouse)  shown  in  Figure  61  was  used.  The  half  bolt  hole  specimens  were  machined  from 
both  the  billet  and  the  forging  while  the  mini-Krouse  specimens  were  machined  from  the 
forging  only.  Most  of  the  strain-controlled  LCF  data  has  been  collected  using  the  half  bolt 
hole  specimens.  The  mini-Krouse  specimens  which  were  tested  toward  the  end  of  this  pro- 
gram were  intended  to  facilitate  the  X-ray  measurement  of  cyclic  relaxation  of  surface  residual 
stress  in  specimens  with  and  without  beta-fleck  defects. 

The  half  bolt  hole  specimens  were  tested  at  room  temperature  in  a bending  mode  at  cyclic 
strain  ranges  of  0-0.007  and  0-0.009.  A frequency  of  6 seconds  per  cycle  (3  seconds  at  maxi- 
mum strain)  was  used.  The  tests  were  interrupted  for  surface  crack  inspection  at  500  cycle 
intervals.  To  determine  the  effects  of  surface  residual  stress  on  LCF  crack  nucleation,  LCF 
specimens  were  tested  in  three  different  surface  conditions:  stress-relieved  and  electr^polished 
surface,  as-machined  surface  and  stress-relieved  plus  glass  bead  peened  surface  (6N  intensity). 
Stress  relieving  was  performed  at  1 100°F  for  2 hours  in  a vacuum  of  lO*^  torr.  Electropolishing 
was  accomplished  in  an  electrolyte  consisting  of  95%  methanol  and  5%  perchloric  acid  at  -40°F 
using  16  volts.  A surface  layer  of  approximately  0.002"  was  removed  from  the  specimen. 
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Figure  61  Dimensions  of  the  Mini  Krouse  Specimen 


Results  are  as  follows; 

(a)  Effect  of  Surface  Preparation 

The  effect  of  surface  preparation  on  ‘pinpoint’  crack  nucleation  life  in  half  bolt  hole  speci- 
mens from  the  Ti-6A1-4V  billet  and  forging  are  given  in  Table  25.  A ‘pinpoint’  crack  refers 
to  an  indication  whose  length  is  near  the  limit  of  detectability  by  Zy^o  inspection  techniques, 
which  is  about  0.005".  As  shown  in  this  Table  there  is  no  effect  of  beta-fleck  defects  on 
crack  nucleation  life  in  either  the  billet  or  the  forging  when  tested  with  stress-relieved  and 
electropolished  surface  condition  (SR).  It  is  also  interesting  to  note  that  the  forging  has  a 
longer  crack  nucleation  life  than  the  billet.  This  difference  seems  to  be  attributable  to  the 
differences  in  processing/microstructure  since  the  forging  has  similar  heat  treatment  as  the 
billet  and  that  there  are  no  significant  differences  in  composition  in  these  two  materials. 

The  fatigue  debits  in  the  beta-flecked  material,  especially  the  forging,  become  obvious  when 
surface  residual  stress  is  present,  i.e.,  in  the  as-machined  (A-M)  and  stress-relieved  and  peened 
(GB-6N)  surface  conditions.  In  these  surface  conditions  the  crack  nucleation  lives  of  the 
forging  with  beta-fleck  defects  are  about  50-60%  lower  than  the  corresponding  values  in  the 
defect-free  (normal)  microstructure.  The  fatigue  debits  of  the  beta-fleck  defects  in  the  billet 
appear  to  be  less  than  those  in  the  forging.  In  GB-6N  surface  condition,  the  nucleation  lives 
in  the  normal  and  beta-flecked  microstructures  of  the  billet  are  longer  than  the  corresponding 
ones  in  the  forging.  This  reversal  in  fatigue  capabilities  between  these  two  materials  suggests 
a complicated  interaction  of  microstructure  with  surface  residual  stress. 
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TABLE  25 


EFFECTS  OF  SURFACE  PREPARATION  ON  CRACK  INITIATION 
IN  Ti-6A1-4V  HALF  BOLT  HOLE  SPECIMENS 
70“F,  0-0.009e,  lOcpm 


Specimen 

Micro- 

Heat 

Cycles 

to  ‘Pin-Point’ 

Number 

Structure 

Treatment 

Surface  Preparation 

Crack  Indication 

Billet 


A-1 

^Flecked 

Stress  Relieved 

1,500 

A-2 

^-Flecked 

WQ 

and 

1,500 

A-4 

Normal 

Electropolished 

1,500 

B-3 

Normal 

1,500 

D-1 

^Flecked 

Stress  Relieved 

118,000 

D-2 

^-Flecked 

WQ 

and 

86,000 

D-3 

Normal 

Glass  Bead 

118,000 

D4 

Normal 

Peened  (6N) 

124,000 

Forging 

13-A 

^-Flecked 

WQ 

Stress  Relieved 

3,500 

14-B 

^-Flecked 

AC 

and 

3,500 

19-B 

Normal 

AC 

Electropolished 

3,500 

9-A* 

/3-Flecked 

AC 

As-Machined 

6,000 

11-A* 

^Flecked 

AC 

As-Machined 

7,000 

12-A* 

^Flecked 

AC 

As-Machined 

7,000 

15-B* 

^Flecked 

AC 

As-Machined 

7,000 

18-B* 

|8-Flecked 

AC 

As-Machined 

9,000 

1-A* 

Normal 

AC 

As-Machined 

15,000 

2-A* 

Normal 

AC 

As-Machined 

16,000 

5-A* 

Normal 

AC 

As-Machined 

15,000 

6-A* 

Normal 

AC 

As-Machined 

19,000 

7-A* 

Normal 

AC 

As-Machined 

25,000 

32-T 

^Flecked 

AC 

Stress  Relieved 

26,000 

32-B 

/3-Flecked 

AC 

and 

58,000 

23-T 

Normal 

AC 

Glass  Bead 

94,000 

23-B 

Normal 

AC 

Peened  (6N) 

83,000 

* Ref.  (24) 

WQ  = 1750“F/1  hr/WQ+  1933“F/2hr/AC 
AC  = 1750“F/1  hr/AC  + 1300“F/2  hr/AC 
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The  difference  in  the  crack  nucleation  life  between  the  billet  and  forging  disappears  after  a 
beta-heat  treatment  which  also  reduces  the  crack  nucleation  life.  Table  26.  Figure  62  sum- 
marizes results  presented  in  Tables  25  and  26.  The  bars  on  the  data  points  represent  the 
maximum  scatter  in  either  LCF  or  surface  residual  stress  data. 


TABLE  26 

CRACK  INITIATION  LIFE  IN  BETA  PHASE 
TREATED  Ti-6A1-4V  HALF  BOLT  HOLE  SPECIMENS 
70°  F,  0-0.0096,  10  cpm 


Specimen 

Number 

Micro- 

Structure 

Heat 

Treatment 

B-2(l) 

0-Flecked 

B 

A-3(l) 

Normal 

B 

14-A(2) 

^Flecked 

B 

19-A(2) 

Normal 

B 

(3) 

Normal 

AC 

(1)  Billet 

(2)  a-P  forged  pancake 

(3)  /3-forged  pancake.  Ref.  (25) 

B:  2190°F/10  min/FC  + 1300°F/2  hr/AC 
AC:  1750°F/1  hr/AC+  1300°F/2hr/AC 


(b)  Effects  of  Strain  Range 


Surface  Preparation 

Cycles 

to  ‘Pin-Point’ 
Crack  Indication 

Stress  Relieved  and 

1,000 

Electropolished 

500 

Stress  Relieved  and 

1,500 

Electropolished 

1,000 

As-Machined 

2.000  to 

4.000 

The  effects  of  strain  ranges  0-0.007  and  0-0.009  on  crack  nucleation  in  Ti-6A1-4V  half  bolt 
hole  specimens  have  been  evaluated  only  on  specimens  with  a stress-relieved  and  electro- 
polished  surface  condition.  The  results  are  given  in  Table  27.  At  the  lower  strain  range  the 
beta-flecked  microstructures  have  cracks  nucleation  lives  longer  than  those  in  the  normal 
microstructures  by  a factor  of  at  least  four.  As  mentioned  previously,  at  the  higher  strain 
level  no  difference  in  crack  nucleation  life  between  the  normal  and  beta-flecked  micro- 
structures is  observed. 
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Life  to  First  Crock 


TABLE  27 


EFFECTS  OF  STRAIN  RANGE  ON  CRACK  NUCLEATION 
IN  Ti-6A1-4V  HALF  BOLT  HOLE  SPECIMENS* 
STRESS  RELIEVED  AND  ELECTROPOLISHED  SURFACE 


Cycles 


Specimen 

Number 

Micro- 

Structure 

Heat 

Treatment 

Strain  Range 

, to  ‘Pin-Point’ 
Crack  Indication 

C-1 

^-Flecked 

WQ 

0 - 0.007 

333,000  + 

C-^ 

Normal 

WQ 

0 - 0.007 

69,000 

E-1 

(3-Flecked 

AC 

0 - 0.007 

220,000 

E-4 

Normal 

AC 

0 - 0.007 

50,000 

A-1 

j3-Flecked 

WQ 

0 - 0.009 

1,500 

A-2 

/3-Flecked 

WQ 

0 - 0.009 

1,500 

A-4 

Normal 

WQ 

0 - 0.009 

1,500 

B-3 

Normal 

WQ 

0 - 0.009 

1,500 

WQ;  1750°F/1  hr/WQ  + 1300°F/2  hr/ AC 
AC:  1750“F/1  hr/AC  + 1300°F/2  hr/AC 


* Specimens  machined  from  billet. 

+ No  crack  indication,  test  discontinued. 

(c)  Cyclic  Relaxation  of  Surface  Residual  Stress 

The  results  presented  in  Table  25  suggest  that  the  fatigue  debits  associated  with  the  beta-fleck 
defects  are  due  to  the  interaction  of  the  surface  residual  stress  with  the  microstructure.  To 
explain  the  fatigue  debit  in  the  beta-flecked  microstructure  with  the  presence  of  a deformed 
surface  layer,  it  is  possible  that  such  a microstructure  relaxes  the  surface  residual  stress  at  a 
faster  rate  than  that  of  the  normal  microstructure.  To  check  this  hypothesis  preliminary  ex- 
periments were  conducted  in  which  the  residual  stress  on  the  gage  surfaces  of  fractured  half 
bolt  hole  specimens  was  measured  using  the  X-ray  technique  described  in  the  Appendix. 

Data  were  taken  at  various  distances  from  the  fracture  which  usually  occurs  at  the  middle 
of  the  gage  section  where  the  strain  is  the  maximum.  Because  of  the  geometry  of  the  gage 
section,  these  measurements  in  effect  yield  information  on  the  cyclic  relaxation  of  surface 
residual  stress  as  a function  of  strain  amplitude.  Results  from  these  preliminary  experiments 
are  given  in  Table  28  and  illustrated  in  Figure  63.  For  each  specimen  measurements  were 
taken  at  locations  A,  B and  C in  the  order  of  proximity  to  the  fracture,  location  C being  the 
closest  to  the  fracture.  As  anticipated,  the  residual  stress  decreases  toward  the  fracture.  The 
important  difference  between  the  beta-flecked  and  normal  microstructures  is  that  residual 
tensile  stress  was  measured  near  the  fracture  in  the  former  while  the  residual  stress  remained 
compressive  in  the  latter. 
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TABLE  28 


SURFACE  RESIDUAL  STRESSES  IN  AS-MACHINED  Ti-6A1-4V 
HALF  BOLT  HOLE  SPECIMENS  AFTER  TESTING 


Micro- 

No.  of  Cycles  to 

Structure 

First  Crack 

Stresses  (Ksi)  at  Location* 

(S/N)+ 

Initiation 

A 

B 

C 

P-Flecked  (9A) 

6,000 

- 2.0 

+ 1.5 

+ 3.0 

U-Flecked  (15B) 

7,000 

-48.0 

-40.0 

+ 12.0 

Normal  (6A) 

19,000 

-32.0 

-24.0 

- 17.0 

Normal  (7A) 

25,000 

- 16.7 

- 14.5 

- 1.7 

• See  Figure  63 
+ Specimen  Number 


a25  0 


DisksK*  from  Fractur»(in) 

Figure  63  Surface  Residual  Stresses  at  Various  Distances  From  the  Fracture  Surface  of  j 

Half  Bolt  Hole  Specimens  With  and  Without  Beta-Fleck  Defects 
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The  results  described  above  led  to  two  series  of  tests  designed  to  obtain  data  on  cyclic  relaxa- 
tion of  surface  residual  stress  after  various  numbers  of  cycles.  One  series  involves  stress- 
controlled  LCF  testing  which  will  be  described  in  Section  III.2.b.(3),  the  other  series  involves 
strain-controlled  testing  using  sheet-type  mini-Krouse  bend  fpecimens  shown  in  Figure  56. 
These  specimens  were  tested  at  room  temperature  with  stress-reUeved  and  glass-bead  peened 
(6N)  surface  condition  in  reversed  bending  at  a maximum  strain  of  0.009  and  a frequency  of 
460  cycles  per  minute.  Results  from  mini-Krouse  specimens  are  presented  in  Table  29  and 
illustrated  in  Figure  64  in  which  the  stresses  are  normalized  to  the  initial  valve  of  100  ksi. 
Figure  64  shows  that  in  the  normal  microstructure  the  surface  residual  stress  decreases  very 
slowly  until  about  5X10^  cycles.  Thereafter,  a precipitous  drop  is  observed.  The  beta- 
flecked  microstructure  behaves  in  a similar  manner  except  that  it  relaxes  the  surface  residual 
stress  more  rapidly  in  the  first  one  thousand  cycles.  ‘Pinpoint’  cracks  were  detected  after  the 
onset  of  the  rapid  stress  relaxation.  The  number  of  cycles  to  ‘pinpoint’  crack  indications  are 
5.2  X 10^,  6.8  X 10^  and  7.4  X 10^  for  specimens  # 21T,  21B,  and  31B,  respectively. 
Specimens  # 31T  and  30T  fractured  in  the  grip  area  after  3.95  X lO'^  and  7.2  X 10“*  cycles, 
respectively.  No  ‘pinpoint’  crack  was  observed  in  these  two  specimens  prior  to  fracture. 

Thus  the  anticipated  fatigue  debit  of  the  beta-flecked  microstructure  failed  to  materialize 
in  this  series  of  tests.  Detailed  post-test  analysis  revealed  that  the  specimens  that  were  as- 
sumed to  contain  beta-flecks  (#30T  and  3 1 B)  in  fact  did  not,  although  slight  microstructural 
difference  between  the  normal  specimens  and  the  ‘beta-flecked’  specimens  could  be  detected. 


TABLE  29 

CYCLIC  RELAXATION  OF  SURFACE  RESIDUAL  STRESSES  ( Ksi) 
Ti-6AI-4V  MINI-KROUSE  SPECIMENS* 

TO'E,  ± 0.009f.  460  cpm 

Normal  ^Flecked 


Cycles 

2ir 

2IB' 

3IB° 

3ir 

30T° 

0 

126.4 

118.4 

127.2 

128.0 

120.0 

1 X 10^ 

123.2 

116.8 

1 19.2 

121.7 

114.0 

3.95  X 10^ 

1 16.8 

5 X lo’ 

124.8 

1 16.8 

1 13.6 

5 X 10“* 

120.0 

I15.I 

116.0 

97.3 

5.2  X 10“* 

100.8 

5.4  X 10“’ 

96.0 

109.6 

III. 2 

960 

5.6  X lo'* 

83.2 

5.8  X 10“* 

100.8 

100.8 

6 X 10“* 

96.0 

6.2  X 10“* 

101.6 

6.4  X lO"* 

101.6 

• Machinrd  from  a ■ 0 forged  pancake. 
° Specimen  Number 
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(d)  Crack  Nucleation 

The  crack  initiation  sites  were  detenr.ined  from  replicas  periodically  taken  on  the  gage  surfaces 
of  the  half  bolt  hole  specimens.  In  specimens  water  quenched  from  the  solution  treatment 
temperature  (See  footnote  in  Table  25),  cracks  nucleated  at  the  interface  between  either  the 
acicular  (Figure  65a)  or  primary  alpha  (Figure  65b)  and  the  aged  martensite.  In  the  case  of 
the  AC  heat  treatment,  cracks  again  nucleated  at  the  interfaces  between  either  the  primary 
alpha  or  the  acicular  alpha  and  the  beta  phase.  In  both  cases,  beta-fleck  defects  did  not  act 
as  preferential  crack  nucleation  sites.  Cracks  were  observed  to  nucleate  in  the  normal  areas 
rather  than  in  the  adjacent  beta-fleck  defects  as  shown  in  Figure  66.  In  the  case  of  beta  heat 
treatment,  cracks  nucleated  at  slip  bands  normal  to  the  longitudinal  axis  of  the  acicular  alpha 
phase  and  also  at  the  alpha:beta  interface.  With  increasing  amounts  of  cyclic  deformation, 
cracks  also  nucleated  at  the  prior  beta  boundaries  (Figure .67).  However,  these  are  not  prefer- 
ential crack  nucleation  sites  in  any  one  of  the  three  microstructures  studied. 

To  summarize,  the  strain-controlled  testing  shows  that  beta-fleck  defects  result  in  fatigue  debit 
only  in  the  presence  of  surface  residual  stress  without  which  the  beta-flecked  microstructure 
has  crack  nucleation  resistance  equal  to  or  better  than  that  of  the  normal  microstructure. 
Further,  beta-fleck  defects  are  not  preferential  sites  for  crack  nucleation.  Phenomenologically, 
the  relaxation  of  surface  residual  stress  can  be  correlated  with  the  fatigue  debits  in  the  beta- 
flecked  microstructures. 
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a b 


Figure  65  Photomicrographs  taken  from  a Replica  Showing  the  Crack  Nucleation  Sites  in 
Half  Bolt  Hole  Specimens,  (a)  at  the  interface  between  the  acicular  alpha  and 
the  aged  martensite  and  (b)  at  the  interface  between  the  primary  alpha  and  the 
aged  martensite. 


Figure  66  Photomicrographs  taken  from  a Replica  Showing  a Crack  Nucleated  in  a Nor- 
mal Region  Rather  than  at  the  Adjacent  Beta-Fleck  Defect. 
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Figure  67  Photomicrograph  Taken  a Replica  Showing  Crack  Nucleation  at  Slip 
Bands  Normal  to  the  Acicular  Alpha  Phase,  at  a Prior  Beta-Boimdary  and  at 
Alpha-Beta  Interfaces 

Some  of  these  observations  are  rather  unexpected  and  therefore,  questions  arise  whether  similar 
observations  can  be  made  in  stress-controlled  LCF  tests.  These  questions  will  be  addressed  by 
the  LCF  experiments  and  results  presented  below. 

(3)  Stress-Controlled  LCF  Properties 

The  smooth  LCF  specimens  shown  in  Figure  60e  were  tested  to  failure  at  room  temperature 
using  maximum  stresses  of  80  to  1 20  ksi  and  a stress  ratio  of  either  0. 1 or  -0.6.  A frequency 
of  30  Hz  was  used.  The  specimen  surface  preparation  procedures  were  similar  to  those  de- 
scribed previously.  Results  are  as  follows; 

(a)  Effect  of  Surface  Preparation 

Figure  68  shows  the  results  from  stress-controlled  LCF  tests  at  a mhxim’Um  Stress  of  1 10  ksi 
as  a function  of  the  same  three  surface  preparations  described  in  Section  III.2.b(2).  The 
large  circles  in  Figure  68  represent  the  average  lives  while  the  results  of  individual  tests  are  > 
given  by  small  circles.  Scatter  in  residual  stress  values  and  LCF  lives  is  evident  f6r  the  as- 
machined  condition.  However,  the  same  trend  as  in  the  strain-controlled  tests  is  observed. 

Again,  fatigue  debits  in  the  beta-flecked  material  occur  only  in  conjunction  with  the  presence 
of  compressive  surface  residual  stress.  In  the  stress-relieved  surface  condition  the  beta-flecked 
microstructure  has  better  LCF  capability  than  the  normal  microstructure.  This  observation 
will  be  illustrated  more  clearly  in  the  next  section. 


Ill 


Cycles  to  Failure 


(b)  Effect  of  Stress  Amplitude 


The  S-N  curves  of  the  beta-flecked  and  normal  materials  tested  in  a stress-relieved  and  electro- 
polished  condition  are  illustrated  in  Figure  69.  The  symbols  used  in  this  Figure  have  the  same 
meanings  as  those  in  Figure  68.  At  all  the  three  stress  levels  tested,  the  beta-flecked  specimens 
had  longer  lives  than  the  normal  specimens,  this  difference  is  larger  at  lower  stress  levels.  The 
latter  observation  is  in  good  agreement  with  that  in  the  strain-controlled  tests  (See  Table  27). 


Figure  69  S-N  Curves  for  Normal  and  Beta-Flecked  Specimens  With  Stress-Relieved 
Surfaces 

(c)  Cyclic  Relaxation  of  Surface  Residual  Stress 

For  this  series  of  tests,  specimens  with  stress-relieved  and  glass-bead  peened  (6N)  surface  were 
tested  with  a stress  ratio  (R)  of  either  -0.6  or  0. 1,  all  at  a maximum  stress  of  1 10  ksi  and  a 
frequency  of  30  Hz.  The  variations  of  residual  stress  with  number  of  cycles  are  given  in  Table 
30  and  illustrated  in  Figures  70  and  71  for  the  stress  ratios  of  -0.6  and  0.1,  respectively.  All 
stresses  have  been  normalized  to  an  initial  value  of  100  ksi.  It  is  obvious  from  these  results 
that  the  beta-flecked  microstructure  relaxed  the  surface  residual  stress  at  more  rapid  rates 
than  the  normal  microstructure  in  either  test  conditions.  An  exception  to  this  behavior  pattern 
is  observed  from  a beta-flecked  specimen  (#K6,  data  not  plotted  in  Figure  71)  which  apparently 
relaxed  the  residual  stress  at  an  equivalent  rate  as  that  from  specimens  with  normal  micro- 
structure.  Note,  however  that  the  life  of  this  specimen  was  lower  than  that  observed  in  the 
specimens  with  normal  structure.  The  reason  for  this  exception  is  not  clear;  it  is  possible 
that  the  residual  stress  measurements  were  made  in  this  case  on  a region  with  normal  micro- 
structure. 
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At  R=-0.6,  both  the  normal  and  the  beta-flecked  microstructures  relaxed  the  stresses  rapidly 
upon  cycling.  Important  differences  occurrences  occurred  after  about  1000  cycles  when  the 
relaxation  rates  in  the  normal  microstructure  were  arrested,  no  significant  relaxation  took 
place  thereafter  until  about  10^  cycles,  after  which  the  relaxation  rates  increased  rapidly.  In 
contrast,  there  was  no  discernible  arrest  of  the  relaxation  rate  in  the  beta-flecked  microstructure, 
the  surface  residual  stress  decreasing  at  a rapid  rate  throughout  the  test. 


The  pattern  of  the  stress  relaxation  at  R=0.1  is  rather  similar  to  that  observed  in  tests  with 
R = -0.6.  The  rates  of  stress  relaxation  in  both  microstructures  are  much  less  rapid  in  the 
R = 0.1  tests.  In  the  normal  microstructure  an  arrest  of  the  relaxation  rate  occurred  at  10'^ 
cycles  and  persisted  to  about  3X10“^  cycles  when  the  onset  of  the  precipitation  drop  in  the 
relaxation  curve  took  place. 


TABLE  30 

CYCLIC  RELAXATION  OF  SURFACE  RESIDUAL  STRESSES  (-Ksi) 
Ti-6A1-4V  K*  = 1 SPECIMENS* 

VO^F,  110  Ksi  Max.,  30  Hz 

R = -0.6  R = 0.1 

Normal  0-Fleck  Normal  0-Fleck 


Cycles 

J13° 

J14° 

J3“ 

K7‘’ 

J12° 

K14° 

J4° 

K6° 

0 

84.8 

106.4 

92.8 

87.2 

94.4 

116.0 

85.6 

84.8 

103 

61.6 

76.8 

9.6+ 

61.6 

92.0 

118.2 

85.6 

87.2 

5 X 10^ 

59.2 

77.6 

48.8 

84.8 

101.4 

69.6 

79.2 

1 X 10^ 

45.0 

65.2 

44.0+ 

- 

97.6 

43.2 

83.2 

1.4  X lO'^ 

38.4+ 

52.8 

- 

98.5 

38.4 

- 

1.7  X lO"^ 

38.4+ 

- 

- 

- 

- 

3.2  X lO"^ 

- 

- 

35.2+ 

- 

3.4  X lO'^ 

66.4 

- 

83.2' 

4.6  X lO'^ 

- 

93.6 

4.9  X lO"^ 

- 

59.2+ 

5.4  X lO"^ 

53.6+ 

* Machined  from  the  billet. 

° Specimen  Number 
- No  Determination 
+ Last  determination  before  failure 
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Nonnalizecl  Surface  Residual  Compressive  Stress  (Ksi) 


Other  differences  between  the  beta-flecked  microstructure  and  the  normal  microstructure  are 
evident  from  the  X-ray  diffraction  peak  profiles  which  are  reproduced  in  Figure  72  for  the 
R=-0.6  tests.  As  shown  in  the  Figure,  the  initial  diffraction  peak  from  a beta-flecked  speci- 
men is  broader  and  lower  in  intensity  than  that  from  a normal  specimen.  Although  the  dif- 
fraction peaks  sharpen  and  increase  in  intensity  with  increasing  number  of  cyles  in  both 
microstructures,  the  changes  in  the  beta-flecked  microstructure  occur  much  more  slowly 
than  those  obtained  from  the  normal  microstructure.  The  rate  of  change  in  the  diffraction 
peak  profiles  can  be  correlated  with  those  of  the  residual  surface  stress.  For  example.  Figure 
70  shows  that  the  change  in  residual  surface  stress  between  10^  cycles  and  5X10^  cycles  in 
the  normal  microstructure  is  small,  correspondingly  small  changes  in  the  diffraction  peak 
profiles  and  intensity  can  be  observed  in  Figure  72b.  The  implications  of  these  observations 
on  mechanisms  of  cyclic  relaxation  will  be  discussed  later. 


b 

Figure  72  X-Ray  Diffraction  Peak  Profiles  of  (a)  Beta-Flecked  Specimen  (b)  Normal 
Specimen  After  Various  Numbers  of  Stress  Cycles  at  R = -0.6. 
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The  results  of  the  surface  crack  inspection  during  the  tests  are  given  in  Table  31.  At  R=-0.6, 
‘pinpoint’  cracks  were  observed  in  both  microstructures  much  sooner  than  in  the  R-0. 1 tests. 
In  the  specimens  with  normal  microstructure  (Specimens  J13  and  J 14)  the  number  of  cycles 
to  ‘pinpoint’  cracks  are  1.1  X 10“^  and  1.3  X 10^  which  correspond  closely  with  the  onset 
of  the  final  stage  of  surface  stress  relaxation  (Figure  70).  A fatigue  debit  of  about  one  order 
of  magnitude  is  observed  in  the  beta-flecked  microstructure  under  these  test  conditions. 


At  R=0. 1 , ‘pinpoint’  cracks  were  observed  in  the  specimens  with  normal  microstructure  after 
3.4  X 10^  and  4.6  X 10^  cycles  which  again  are  located  near  the  onset  of  the  precipitous 
drop  in  the  relaxation  curve.  The  beta-flecked  specimens  developed  ‘pinpoint’  cracks  after 
3.0  X 10^  and  3.4  X 10^  cycles  which  led  to  fracture  at  5.6  X 10^  and  4.2  X 10^  cycles. 

Thus  the  fatigue  debit  of  the  beta-fleck  defects  is  rather  small  in  the  R=0.1  tests. 


(d)  Crack  Nucleation 


Observations  similar  to  those  described  in  Section  III.2.b(2)  were  again  obtained.  To  insure 
that  the  apparent  surface  cracks  did  not  originate  from  subsurface  beta-fleck  defects,  the 
fracture  surfaces  were  chemically  etched  to  reveal  the  microstructure  after  the  precise  crack 
nucleation  sites  had  been  determined  by  scanning  electron  fractography.  Figure  73a  shows 
the  general  appearance  of  the  fracture  of  a beta-flecked  specimen  near  the  initiation  site 
which  is  indicated  by  an  arrow. 


TABLE  31 

LCF  DATA  OF  Ti-6A1-4V  (10^  CYCLES) 

Kt  = 1 SPECIMENS 
70°F,  110  Ksi  max.  30  Hz 

R = -0.6  R = 0.1 

Cycles  Normal  j3-Fleck  Normal  /J-Fleck 


To 

J13“ 

J3'’ 

K7° 

J12° 

KM" 

J4" 

K6' 

PP* 

11 

13 

1 + 

5^^ 

34 

46 

30 

34 

1/64" 

12 

15 

- 

- 

48 

- 

31 

— 

1/32" 

13 

- 

- 

7.5 

54 

- 

- 

- 

Failure 

16 

20 

2.5 

12.5 

63 

64 

56 

42 

* ‘Pin-point’  crack  (0.005"  to  0.0 15"  long  crack) 
+ Last  inspection  with  no  crack  indication. 

° Specimen  Number 
- No  determination 
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Figure  73  Crack  Nucleation  Site  in  a Beta-Flecked  Specimen 

(a)  General  Appearances  of  the  Fracture  Surface,  Arrow  Indicates  the 
Crack  Origin. 

(b)  Microstructure  at  the  Fracture  Origin. 
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The  microstructure  at  the  crack  initiation  site  on  the  fracture  surface  is  illustrated  in  Figure 
73b.  The  presence  of  equiaxed  primary  alpha  particles  at  the  crack  initiation  site  is  clearly 
evident.  Further,  the  density  of  those  particles  is  the  same  as  that  in  the  normal  micro- 
structure, i.e.,  the  crack  did  not  nucleate  preferentially  at  beta-fleck  defects.  In  all  other 
cases  examined,  the  cracks  were  also  observed  to  nucleate  at  the  normal  microstructure 
rather  than  at  the  beta-fleck  defects. 

3.  Discussion 

A.  Introduction 

In  this  section  we  shall  summarize  the  rather  complex  behavior  pattern  observed  in  this  in- 
vestigation and  then  attempt  to  account  for  this  pattern.  In  the  fatigue  testing  performed 
three  major  variables  which  control  life  have  been  identified  as  follows: 

1 ) Microstructure 

2)  Residual  Stress 

3)  Test  Conditions 

A complete  experimental  test  matrix  covering  all  possible  combinations  of  these  variables 
has  not  been  performed,  so  in  order  to  fill  in  certain  parts  of  the  matrix  we  will  draw  on 
results  of  other  investigations.  Care  has  to  be  exercised  in  making  such  comparisons,  for 
all  details  of  the  material  used  in  a study,  the  surface  condition  of  specimens  and  the  test 
parameters,  must  be  known  in  detail.  To  give  one  example,  it  has  been  reported  that  texture 
has  a major  effect  on  the  influence  of  beta-flecks,  this  is  not  a major  variable  in  the  pre- 
sent study  but  could  be  of  great  importance  in  measuring  and  comparing  the  cyclic  behavior 
of  plate  material.  Another  useful  comparative  exercise  could  be  to  view  the  beta-fleck  con- 
dition as  a hybrid  of  equiaxed  alpha;beta  structure  and  beta  processed  structure.  Then  by 
using  observations  on  both  base  conditions  it  should  be  possible  to  bound  the  fatigue  capa- 
bility of  flecked  material  and  perhaps  obtain  insight  into  reasons  for  the  behavior  pattern. 
Although  we  shall  use  this  approach  in  several  cases  it  should  be  remembered  that  we  have 
shown  that  cracks  do  not  nucleate  preferentially  in  the  acicular  structural  regions  of  a 
flecked  structure.  As  the  transformed  beta  structures  are  usually  considered  the  'weak  link’ 
the  comparison  cannot  be  completely  valid. 

In  the  following  sections  we  shall  discuss  the  several  aspects  of  fatigue  behavior,  attempting 
to  clearly  separate  the  phenomenology  (fact)  from  the  mechanistics  (speculation). 

Microstructure 

The  compositional  fluctuations  responsible  for  the  presence  of  flecks  has  been  clearly  established 
in  this  study.  Re-forging  of  the  flecked  material  indicates  that  flecks  do  not  arise  from  pro- 
cessing factors  such  as  adiabatic  heating  and  shows  that  the  compositional  heterogeneities  are 
persistent.  The  only  factor  that  cannot  be  explained  quantitively  at  the  present  time  is  tlie 
magnitude  of  the  depression  of  the  beta  transus.  If  we  compute  the  expected  depression  us- 
ing the  measured  compositional  differences  of  aluminum,  vanadium  and  iron  coupled  witli 
the  effect  of  these  elements  on  the  transus  in  binary  systems  a value  of  -25° F is  obtained. 

The  observed  difference  is  of  the  order  of  50°F.  It  is  possible  that  in  this  multicomponent 
system  the  above  calculation  is  an  over  simplification. 
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The  microstructural  differences  between  the  forging  and  billet  material  can  be  related  to  the 
processing  histories.  It  appears  that  in  the  billet  material  insufficient  reduction  was  accomplished 
in  the  last  stages  of  processing  to  produce  complete  recrystalUzation.  Thus  the  prior  beta  grain 
size  can  be  clearly  delineated  and  a generally  coarse  macrostructure  is  present.  The  forging  re- 
ceived sufficient  alpha;beta  work  to  produce  complete  recrystallization  and  little  or  no  trace 
of  prior  bet^  giain  could  be  observed. 

Crack  Nucleation 

The  predominant  mode  of  crack  nucleation  in  both  ‘normal’  and  beta-flecked  material  was 
separation  aloi^alpha.beta  interfaces.  Several  other  modes  of  cracking  have  been  reported 
for  Ti-6A1-4V^  ^ such  as  separation  along  shear  bands  in  acicular  regions  and  transgranular 

fracture  of  coarse  alpha  plates.  The  latter  failure  locations  are  favored  in  high  stress  (or 
strain  range)  tests  and  in  specific  microstructures  and  therefore  the  present  observations,  at 
least  in  normal  equiaxed  microstructures,  are  not  unexpected.  Nucleation  in  the  beta-flecked 
microstructure  could  have  been  anticipated  to  occur  preferentially  in  the  acicular  structure 
regions.  In  the  stress-relieved  specimens,  as  no  difference  in  fatigue  capability  was  observed, 
perhaps  no  difference  in  location  should  have  been  expected.  For  as-machined  surfaces  pre- 
ferential nucleation  would  have  provided  a straighforward  explanation  of  the  observed  fatigue 
debit  in  flecked  material.  As  observation  of  as-machined  surfaces  are  difficult  several  specimen 
fracture  surfaces  were  etched  lightly  to  examine  the  nucleation  site  in  more  detail,  in  all  cases 
it  was  found  that  nucleation  occurred  in  normal  or  equiaxed  structural  regions.  Two  factors 
could  contribute  to  this  observation.  Firstly,  it  has  been  shown  that  the  composition  of  the 
flecked  region  differs  from  the  general  composition  of  the  material.  The  fatigue  capability  of 
these  regions  could  conceivably  be  superior  to  acicular  Ti-6A1-4V.  Secondly  the  LCF  properties 
of  acicular  structures  are  often  stated  to  be  inferior  to  equiaxed  alpha;beta  material.  This 
is  too  broad  a generalization.  The  properties  of  coarse  colony  type  structures  are  in  general 
inferior,  however,  water  quenching  from  the  beta  phase  field  to  form  a martensitic  structure 
(and  subsequent  tempering)  can  give  a material  with  superior  fatigue  properties^^®^.  Wid- 
manstatten alpha;beta  plate  structures  lie  between  these  extremes  and  Figure  66  shows  that 
this  is  the  usual  structure  present  in  flecks  in  the  forging.  One  or  both  of  these  factors  could 
explain  why  fatigue  cracks  do  not  nucleate  in  the  beta-flecked  regions. 

Fatigue  Results 

The  same  general  pattern  holds  for  results  for  both  the  smooth  (Kt  = 1)  specimens  tested 
under  stress-controlled  and  the  notched  (Kt  - 2)  strain-controlled  tests.  When  comparing  the 
results  of  both  types  of  tests,  under  conditions  which  give  roughly  equivalent  life,  the  relative 
magnitude  of  the  various  effects  can  be  different.  The  major  points  are  summarized  in  the 
following  section. 

1 ) Stress-Relieved  Specimens 

Material  with  the  normal  and  beta-flecked  microstructures  exhibit  the  same  cyclic  capability 
if  the  surface  of  the  material  is  stress-free  and  tests  are  conducted  at  high  stress  or  strain  levels. 

In  the  half  bolt  hole  tests,  differences  in  the  crack  nucleation  life  between  the  billet  and  forged 
materials  were  observed  which  could  be  attributed  to  the  coarser  macrostructure  in  the  former 
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material.  The  fatigue  properties  of  both  materials  can  be  further  reduced  by  beta  heat  treat- 
ment to  produce  a colony-type  acicular  microstructure ; again  no  difference  between  originally 
flecked  and  nonnal  microstructure  is  observed.  Further,  this  heat  treatment  also  eliminated 
the  LCF  difference  between  the  two  product  forms  since  microstructural  differences  arising 
from  variation  in  processing  are  removed  by  this  heat  treatment. 

Under  lower  stress  or  strain  conditions  the  beta-flecked  material  e.xhibits  superior  fatigue  pro- 
perties with  respect  to  normal  material.  This  is  a surprising  result  but,  as  we  shall  see  later, 
a similar  result  has  been  obtained  in  a comparative  testing  on  beta  and  alpha.beta  microstruc- 
tures. The  half  bolt  hole  tests  also  demonstrate  that  water  quenching  from  the  solution  treat- 
ment temperature  results  in  improved  properties  compared  with  material  air  cooled  from  the 
same  temperature.  This  observation  applies  to  both  product  forms. 

2)  As-Machined  Specimens 

In  both  stress-or  strain-controlled  tests,  the  beta-flecked  material  has  lower  life  than  normal 
material  by  about  a factor  or  two.  Machined  surfaces  introduce  two  new  variables  into  the 
experimental  test  matrix;  surface  roughness  and  residual  stress.  The  surface  roughness  was 
not  explicitly  characterized  in  the  present  study  but  the  depth  of  surface  marks  was  on  the 
order  of  10  micro  inches.  Residual  stress  measurements  indicated  that  large  variations  were 
presently,  especially  on  flecked  specimens.  A similar  variation  in  fatigue  life  was  also  ob- 
served. The  half  bolt  hole  tests  also  first  indicated  differences  in  residual  stress  pattern  after 
testing.  These  results.  Figure  63,  show  that  the  stresses  decline  to  lower  values  in  flecked 
material  than  found  in  specimens  with  a normal  microstructure.  At  first  it  was  assumed 
that  the  coarser  beta-flecked  microstructure  may  be  unable  to  retain  as  high  a level  of  initial 
residual  stress  as  normal  material.  Several  measurements  failed  to  confirm  this,  although 
companion  experiments  on  beta  treated  specimens  did  reveal  lower  values.  (There  are  prob- 
lems with  interpreting  these  latter  results  in  that  a calibrated  standard  was  not  used). 

Results  from  an  earlier  investigation^^^)  on  beta  processed  material  are  included  in  Figure 
62  which  show  that  the  improvement  of  fatigue  properties  produced  by  machining  are  lower 
than  that  in  normal  material.  The  results  from  the  flecked-microstructure  lie  between  these 
two  extremes. 

Because  of  the  large  scatter  in  both  residual  stress  and  fatigue  results  most  of  the  additional 
study  was  performed  on  electropolished  and  peened  samples.  An  interim  treatment  that  was 
attempted,  was  to  peen  over  a machined  surface.  The  four  tests  performed  indicated  that  al- 
though scatter  could  have  been  reduced  average  properties  remained  constant. 

3)  Stress-Relieved  and  Peened  Specimens 

Using  this  specimen  surface  preparation  technique  both  the  scatter  in  the  residual  stress  and 
fatigue  results  were  reduced.  In  either  test  type  the  superiority  of  the  normal  microstructuie 
with  respect  to  flecked  material  is  maintained.  The  one  surprising  result  is  that  the  fatigue 
capability  of  the  billet  material  is  slightly  greater  than  the  forged  material. 

It  can  be  noted  that  by  using  these  surface  conditions  the  nucleation  life  in  half  bolt  hole 
specimens  had  been  increased  by  a factor  of  fifty  over  the  stress-relieved  baseline  while  the 
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maximum  structural  effect  is  about  a factor  of  two.  A similar  trend  can  be  noted  in  the  stress- 
controlled  test  although  the  surface  effects  factor  is  about  seven  and  that  of  the  structure  re- 
mains at  about  two.  The  life  debit  in  beta-flecked  specimens  can  be  changed  by  increasing 
the  cychc  stress  amplitude  which  is  the  same  as  changing  the  R value.  Under  an  R of  -0.6 
the  debit  associated  with  beta  flecks  is  nearly  an  order  of  magnitude. 

The  final  group  of  Krouse  specimen  tests  were  performed  for  the  following  reasons.  By  select- 
ing fully  reversed  bending  (R-1.0)  and  a high  strain  range  it  was  assumed  that  the  debit  as- 
sociated with  beta-flecks  would  be  maximized.  The  larger  surface  area  of  this  specimen  would 
allow  more  accurate  residual  stress  measurements  and  also  post-test  analysis  of  the  deforma- 
tion structure  by  transmission  electron  microscopy.  As  noted  in  the  results  section  this  speci- 
men did  not  contain  beta-flecks  and  thus  these  expectations  were  not  realized.  The  limited 
TEM  work  performed  on  these  specimens  failed  to  provided  any  additional  insight  into  the 
specific  relaxation  mechanisms. 

The  detailed  residual  stress  measurements  performed  on  the  stress-controlled  test  specimens 
have  been  described  in  Section  III.2.b(3).  These  will  be  discussed  in  more  detail  below.  Be- 
fore that  however,  we  will  compare  the  overall  behavior  pattern  observed  in  this  study  with 
the  results  of  previous  investigations. 

Comparison  With  Other  Studies 

Beck^^^^  examined  the  behavior  of  Ti-6A1-4V  forgings  processed  to  given  an  equiaxed 
alpha: beta  and  beta  (colony)  structure.  Among  the  large  number  of  variables  studies  were 
residual  stress  and  R value.  Figure  74  taken  from  Beck’s  report  summarizes,  as  S-N  curves, 
the  effect  of  surface  condition  and  microstructure.  In  the  chemically  milled  condition  in 
the  low-life  region  the  equiaxed  microstructure  is  slightly  superior  to  the  acicular  micro- 
structure, this  effect  reverses  in  the  high-life  region.  The  effect  of  compressive  residual 
stress,  especially  peening,  are  much  more  pronounced  in  the  equiaxed  structure  at  inter- 
mediate lives  than  in  the  beta  microstructure.  If,  as  stated  in  the  introduction,  beta-fleck 
could  be  considered  an  intermediate  condition  between  these  two  limits  then  the  parallels 
between  these  results  and  the  present  investigation  are  quite  striking.  A further  result  of 
Beck’s  study  was  the  observation  that  for  machined  specimens  the  differences  between 
the  two  structures  were  accentuated  at  negative  R values.  At  positive  R values  differences 
between  the  two  structures  were  slight  but  an  R value  of  -1.0  produced  a large  debit  for  the 
beta  processed  structure. 

The  results  of  the  present  investigation  only  parallel  in  part  the  results  obtained  on  Ti-6Al-6V-2Sn 
containing  beta  flecks'^  \ All  specimens  in  the  latter  study  were  tested  in  the  as-machined 
condition  and  tests  were  conducted  at  an  R value  of  0 or  0. 1 . Comparable  half  bolt  hole  tests 
gave  somewhat  larger  debits  than  in  the  present  study.  Smooth  bar  axial  testing  also  indicated 
lower  capability  for  the  flecked  specimens  over  the  life  range  10^  to  10^  cycles.  In  cases  where 
cracking  was  examined  it  was  observed  to  occur  preferentially  in  the  beta-flecked  regions.  One 
may  conclude  that  the  magnitude  of  the  debits  associated  with  beta-flecks  depend  on  the  specific 
alloy. 
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Stress  (Ksi) 


Figure  74  S-N  Curves  of  (a)  Alpha-Beta  Finish  Forged,  (b)  Beta  Finish  Forged 
Ti-6A1-4V  With  Various  Surface  Finishes  (Ref.  28). 


124 


Surface  Residual  Stress  Relaxation 
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The  importance  of  surface  conditions  on  the  fatigue  properties  of  titanium  alloys  has  long  been 
recognized,  but  controversy  exists  over  the  magnitude  and  extent  of  these  effects.  For  example 
Metcut^^^^  has  investigated  the  influence  of  a variety  of  finishing  operations  on  fatigue  proper- 
ties of  Ti-6A1-4V  in  a beta  processed  condition  and  concluded  that  in  the  1 0^  cycle  life  range 
no  correlation  with  surface  roughness  or  residual  stress  could  be  obtained.  Fatigue  life  could 
be  correlated  with  the  subsurface  peak  residual  stress.  In  the  present  study  we  have  observed 
that  the  fatigue  capability  of  either  the  beta-flecked  or  the  normal  Ti-6A1-4V  increases  with 
increasing  surface  residual  stress.  It  is  possible  that  for  the  types  of  surfaces  that  we  have 
studied  (as-machined,  stress-relieved  and  peened)  the  magnitudes  of  the  peak  residual  stress 
are  directly  proportional  to  the  surface  residual  stress.  Our  observation  is  therefore  not  neces- 
sarily different  from  those  of  Metcut. 


Further,  the  present  work  has  demonstrated,  in  a self-consistent  manner,  a good  correlation 
of  cyclic  relaxation  behavior  with  the  LCF  crack  nucleation  as  follows; 

1)  For  a given  maximum  stress,  the  test  condition  which  relaxed  the  surface  residual 
stress  at  a faster  rate  also  resulted  in  shorter  crack  nucleation  life. 

2)  For  a given  test  condition,  the  beta-flecked  microstructure  which  relaxed  the  sur- 
face residual  stress  at  a faster  rate  compared  with  the  normal  microstructure  re- 
sulted in  a fatigue  debit. 

3)  Cracks  nucleated  at  the  onset  of  the  precipitous  stress  relaxation. 

Residual  stress:depth  profiles,  and  changes  thereof  on  cyclic  loading,  have  not  been  measured 
in  the  present  investigation.  Earlier  studies  at  P&WA  on  equiaxed  alphaibeta  Ti-6A1-4V  have 
shown  that  using  a GB12N  shot  peening  treatment  a maximum  stress  occurs  at  a distance  of 
0.0015”  below  the  surface  about  10  ksi  higher  than  the  surface  stress.  The  compressive  stress 
falls  to  zero  at  a depth  of  0.008”.  It  could  be  noted  that  in  normal  alpha: beta  material  the 
compressive  stress  field  extends  over  several  secondary  beta  grains.  As  the  structural  size  in- 
creases, assuming  the  profile  remains  constant,  the  number  of  grains  encompassed  decreases. 

It  is  possible  that  the  mean  free  slip  path  or  slip  length  may  contribute  to  the  stability  of 
the  residual  stress  and  thus  contribute  to  the  behavior  pattern  observed  in  this  investigation. 

Mechanistically,  cyclic  relaxation  of  the  surface  residual  stress  results  from  irreversible  motion 
of  mobile  dislocations,  and  possibly  twinning,  which  are  either  present  in  the  deformed  sur- 
face layer  and/or  generated  during  the  cycling.  The  amount  of  relaxation  would  therefore  be 
determined  by  dislocation  parameters  such  as  the  mobile  dislocation  density,  the  stability  of 
the  dislocation  substructure  and  the  dislocation  obstacle  spacing. 


The  test  condition  is  also  important  as  the  magnitude  of  the  imposed  stress  or  strain  during 
LCF  testing  determine  not  only  the  excursion  distance  of  the  mobile  dislocations  but  also 
whether  dislocations  are  generated.  While  increasing  the  excursion  distance  generally  leads 
to  more  cyclic  relaxation,  since  bypassing  of  obstacle  becomes  more  probable,  generation  of 
new  dislocations  may  or  may  not  lead  to  cyclic  relaxation  depending  on  their  mobility  in 
subsequent  cycles.  Thus  if  the  generated  dislocations  are  rendered  immobile  by  mechanisms 
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such  as  solute  pinning,  dislocation  reactions,  formation  of  a stable  dislocation  group,  cyclic 
hardening  rather  than  softening  will  occur.  In  fact,  it  has  been  reported  that  in  reversed 
bending  of  annealed  steels,  a residual  compressive  stress  is  produced  near  the  surface  of  a 
specimen^  ^ Further  the  higher  the  carbon  content  the  larger  the  residual  stress  produced. 
Thus  it  is  difficult  to  predict  the  effects  of  test  conditions  on  cyclic  relaxation  behavior 
from  a basic  point  of  view.  This  type  of  effect  may  be  responsible  for  the  much  slower  re- 
laxation rates  observed  in  the  Krouse  specimens  tested  in  bending  at  an  R of  -1 .0  compared 
with  Sonntag  specimens  tested  in  tension  at  an  R of -0.6. 

X-ray  diffraction  peak  profiles  should  provide  some  information  regarding  the  mechanisms 
since  important  differences  have  been  observed,  see  Figure  72  between  the  normal  and  the 
beta-flecked  microstructures.  The  initial  diffraction  peak  in  the  beta-flecked  microstructure 
are  broader  and  lower  in  intensity  than  that  in  the  normal  microstructure.  Although  in  both 
microstructures  the  diffraction  peaks  sharpen  and  increase  in  intensity  with  number  of  cycles, 
those  in  the  beta-flecked  microstructure  change  much  more  slowly  than  that  in  the  normal 
microstructure.  According  to  the  X-ray  diffraction  thories  the  width  and  intensity  of  the 
diffraction  peaks  are  related  to  the  microstrain,  crystallite  size  and  stacking  faults'^  ^ \ A 
crystallite  is  a region  within  a crystal  or  grain  which  diffracts  X-ray  coherently.  This  region 
is  one  of  a given  orientation  bounded  by  a low  angle  grain  boundary,  dislocations,  a twin 
boundary  etc.  ^ ‘I  The  microstrain,  arising  from  dislocations  within  the  crystallite,  causes 
broadening  of  diffraction  peaks.  Peak  broadening  is  also  caused  by  small  crystallite  size 
which  also  reduces  the  diffraction  intensity.  Thus  the  broader  and  lower  intensity  of  the 
initial  diffraction  peak  in  the  beta-flecked  microstructure  suggest  that  the  dislocation  sub- 
structure sizes  are  smaller  and  that  the  microstrain  within  the  substructures  are  higher  than 
those  in  the  normal  structure.  These  features  change  slowly  with  cycling,  as  evidenced  by 
the  correspondingly  small  changes  in  the  diffraction  peak  profiles.  Tlierefore  the  cyclic  relaxa- 
tion of  the  surface  residual  stress  in  the  beta-flecked  microstructure  may  have  involved  the 
generation  of  more  mobile  dislocations  than  in  the  normal  microstructure.  The  cyclic  relaxa- 
tion in  the  latter  involves  more  dislocation  movement  and  rearrangement  which  results  in 
larger  dislocation  substructural  size  and  less  microstrain,  as  suggested  by  the  more  rapid 
sharpening  and  increase  in  intensity  of  the  diffraction  peaks.  These  inferred  relaxation  mech- 
anisms if  real,  must  be  related  to  the  microstructures.  It  is  therefore  interesting  to  compare 
the  bulk  cyclic  relaxation  in  a beta  heat  treated  microstructure  with  that  in  an  equiaxed  alpha- 
beta  microstructure.  Recent  work  by  Wojcik  and  Koss^^^^  indicates  that,  in  fact,  the  beta 
annealed  structure  does  relax  faster  than  the  equiaxed  microstructure.  Further,  the  work  of 
Wells  and  Sullivan'  \ Steele  and  McEvily^^^^  suggest  that  the  difference  in  relaxation  rates 
between  these  two  microstructure  increases  rapidly  as  the  imposed  stress  or  strain  range  in- 
creases. Is  the  correlation  of  the  bulk  relaxation  behavior  with  the  surface  relaxation  be- 
havior coincidental?  This  question  has  been  critically  examined  by  Finney  et  al.^^^\  using 
the  existing  information  and  data  from  a carefully  conducted  series  of  experiments.  They 
came  to  the  conclusion  that  deformation  near  the  surface  is  very  similar  to  that  in  the  interior. 

In  summary,  if  we  view  the  beta-flecked  structure  as  intermediate  between  equiaxed  and  aci- 
cular  alpha-beta  condition,  the  more  rapid  relaxation  of  surface  residual  stress  can  be  accounted 
for.  The  exact  details  of  how  surface  stress  is  stored  and  subsequently  changed  under  cycling 
has  been  speculated  upon  but  further  work  is  required  to  elucidate  specific  mechanisms. 
Further,  how  the  relaxation  translates  into  the  nucleation  of  a crack  or  cracks  is  now  known. 
The  results  suggest  that  such  processes  could  be  usefully  studied  in  stress  relieved  specimens 
as  the  residual  stresses  decline  precipitously  during  crack  nucleation. 
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4.  CONCLUSIONS 

The  following  conclusions  may  be  drawn  from  this  investigation: 

1)  Beta-flecks  are  produced  by  local  and  persistent  concentration  of  the  elements  V,  Fe 
and  inverse  segregation  of  Al. 

2)  Comparative  fatigue  debits  associated  with  beta-flecks  are  only  observed  in  specimens 
with  compressive  residual  surface  stress.  Specimens  from  beta-flecked  material  with 
stress-free  surfaces  show  equivalent  or  superior  fatigue  lives  when  compared  with  nor- 
mal equiaxed  alpha:beta  microsturctuxe. 

3)  In  either  surface  conditions  cracks  do  not  nucleate  preferentially  at  beta-flecks.  Thus  a 
flecked  condition  is  only  a symptom  rather  than  the  cause  for  changes  in  fatigue  pro- 
perties. 

4)  The  fatigue  debits  in  machined  or  peened  surfaces  are  accentuated  by  increasing  the 
cyclic  stress  amplitude  thus  reducing  the  R value.  It  is  possible  that  by  combining 
these  test  conditions  with  poor  surface  preparation,  debits  of  over  an  order  of  magni- 
tude could  be  produced. 

5)  The  rate  of  cyclic  relaxation  of  surface  residual  stress  depends  on  test  condition.  For 
a given  LCF  test,  the  beta-flecked  microstructure  relaxes  the  surface  residual  stress  at 
a faster  rate  than  the  normal  microstructure  and  results  in  a shorter  crack  nucleation 
life. 

6)  In  the  normal  microstructure  crack  initiation  occurs  at  the  onset  of  the  precipitous  de- 
cline in  surface  residual  stress. 
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APPENDIX 


SURFACE  RESIDUAL  STRESS  DETERMINATION 

The  residual  stress  was  measured  by  the  two-exposure  X-ray  diffraction  method^^^^  using 
Cu  Kj^radiation  usually  at  ^setting  of  40  KV,  20mA.  The  angular  positions  26  of  the 
diffracted  beams  from  (2133)  planes  were  measured  at  angles  i\J/  = 0 and  = 7r/4)  using  a 
diffractometer  which  scanned  at  a constant  rate  of  20  - 0. 1°  per  minute.  The  angular  26 
shift  in  the  lines  upon  angular  ^ rotation  of  the  sample  with  respect  to  the  primary  beam 
was  determined  by  Ogilvie’s  parabolic  fitting  method  in  which  five  data  points  are  obtained 
at  equal  26  intervals  about  the  diffraction  peak,  and  the  parabolic  curve  is  fitted  by  the 
method  of  least  squares.  The  residual  surface  stress  is  then  obtained  as  a product  of  the  an- 
gular 26  shift  and  the  stress  factor  which  for  Ti-6A1-4V  was  determined  experimentally  to 
be  860  psi  per  26  = 0.01°. 

No  correction  due  to  Lorenz  polarization  and  absorption  was  made  since  it  had  been  ob- 
served that  the  resulting  stress  levels  were  within  1 % of  those  obtained  with  these  correc- 
tion factors^-’”^.  Beam  penetration  correction  was  not  made  since  such  correction  required 
the  shape  of  the  stress  gradient  below  the  surface  be  known.  Without  this  correction,  the 
calculated  stresses  appear  to  be  larger  and  the  peak  residual  stress  shifted  toward  the  surface. 
However,  meaningful  comparison  of  results  can  still  be  made  on  a relative  basis. 

Residual  stress  was  measured  on  stress-controlled  LCF  specimens  and  strain-controlled  mini- 
Krouse  specimens  using  a beam  size  of  0.016"  wide  and  0.2"  long.  The  beam  was  oriented 
parallel  to  the  longitudinal  axis  and  to  the  width  direction  of  the  specimens  respectively. 
Measurements  were  taken  near  the  center  of  the  gage  section  before  testing  and  after  a cer- 
tain number  of  cycles,  always  at  the  same  location  in  a given  specimen. 

In  the  case  of  the  half  bolt  hole  specimen,  the  measurement  by  two-exposure  techniques 
could  only  be  made  after  the  specimen  had  fractured  because  of  the  obstruction  of  the  beam 
by  the  specimen.  A beam  0.125"  wide,  0.5"  long  was  used,  the  latter  is  parallel  to  the  width 
of  the  specimen.  The  measurements  were  made  as  a function  of  distance  from  the  fractured 
end  which  is  usually  located  at  the  bottom  of  the  bolt  hole.  Because  of  the  strain  gradient 
on  the  half  bolt  hole  gage  section  the  measurements,  in  effect,  yielded  information  on  re- 
laxation of  residual  stress  as  a function  of  cyclic  strain  amplitude. 
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